
CRYOGENIC FLUID MANAGEMENT 
FACILITY CONCEPT DEFINITION STUDY 

(CFMF) 

- ?  

- *  * J 
R.N. EBERHARDT, J.P. GILLE, W.J. BAILEY 

AND R.L. BERRY 

MARTIN MARIETTA DENVER AEROSPACE 
CONTRACT NAS3-23355 

_____c__- 

NATIONAL TECHNICAL 
INFORMATION SERVICE \ 

, REPRODUCED BY 

us. DEPARTMENT OF COMMERCE ' 
SPRINGFIELD, VA.  22161 



NASA CR 1 7 4 6 3 0  

CRYOGENIC F L U I D  MANAGEMENT 
F A C I L I T Y  CONCEPT D E F I N I T I O N  STUDY 

(CFMF) 

DECEMBER 1983 

BY 

R.N. EBERHARDT, J.P. G I L L E  
W.J. B A I L E Y  AND R.L. BERRY 

PREPARED FOR 

NATIONAL AERONAUTICS AND SPACE ADMINSTRATION 
L E W I S  RESEARCH CENTER 
21  000 BROOKPARK ROAD 

CLEVELAND, OHIO 4 4 1 3 5  

CONTRACT N A S 3 - 2 3 3 5 5  

( N A S A - C B - 1 7 4 6 3 0 )  C B P W E N I C  F L U I D  X I A G E l l B l T  
P B C U I T P  COblCEPZ D E F I N I 3 I O B  EBIIDY (CPHF) 
Summary Report, Sep. 1982 - may 1983 I H a r t i A  
4arietta Aerospace) 67 p 

I &5- 7 29 3 5 

Onclas 
00/09 23414 

RfPRODUCED BY 
NATIONAL TECHNICAL 

' I N F O R M A T I O N  SERVICE 
US. DtPARlMENT Of COMMERCf 

SPRINGFILLD, VA. 22161 

MARTIN MARIETTA DENVER AEROSPACE 
P.O. BOX 1 7 9  

DENVER, COLORADO 80201 



1. Roport N o .  
IJASA CR- 174630 

1 1 .  Contract or Grant No. 
NAS3-23355 

2. Govommont Accossion No.  3. Rocipiont ' r  Catalog No.  

Martin Marietta Denver Aerospace 
P .O.  Box 179 
Denver , Colorado 80201 

13. Typo of Roport ond Portod Covorod 

12. Sponsoring Agency Nom. and Addross I Executive Summary Report 
Sept 1982 t h r u  May 1983 

NASA Lewis Research Center 
Cleveland, O h i o  44135 14. Sponsoring Agoney Cod. 

15. Supplomontory N o t o s  

Pro.iect Manager - Erich Kroeger 
NASA Lewis Research Center 
Cleveland, Ohio 44135 

This report  documents the resu l t s  of the Task I - Conceptual Definition ac t iv i ty  which 
forms a basis for  the subsequent detailed design o f  the Cryogenic Fluid Management 
Faci l i ty  (CFMF).  NASA a n d  DOD mission plans were reviewed to ident i fy  in-space 
cryogenic f lu id  management requirements, which were then categorized a n d  pr ior i t ized 
to establ ish recommended systems/technologies for  potential study i n  the CFMF. 
Analysis of each unique f luid management system, including scaling analysis where 
appropriate,  was performed, and experimental parameters, mission objectives,  and  
preliminary timelines a n d  schematics were formulated for  three missions of the CFMF. 
CFMF/carrier configuration trade studies were performed considering the Spacelab 
pa l l e t ,  the MPESS a n d  the MDM pa l l e t  car r ie rs .  A ROM cost a n d  schedule for  develop- 
ment a n d  the three-f l ight  program ( f i r s t  f l i gh t  assumed mid-1987) was prepared, w i t h  
emphasis on cost drivers which m i g h t  influence selection of the preferred ca r r i e r .  

The recommended conceptual design consists of the CFMF mounted on a n  MDM pa l l e t  (mixed 
cargo c a r r i e r )  , w i t h  the Cryogenic Fluid Management Experiment ( C F M E )  t a n k  assembly 
( N A S A  CR-165495) as the supply t a n k  and the following receiver tanks (scaled t o  Boeing 
space-based OTV with Aeroassist - NASA CR-3535): 

16. Abstract 

Mission 1 - 0.28 sca le ,  w i t h o u t  acquisit ion device 
Mission 2 - 0.18 scale ,  w i t h o u t  acquisit ion device 
Mission 3 - 0.18 sca le ,  w i t h  par t ia l  acquisit ion device 

4. f i t l o  ond Subtitlo 

Cryogenic F l u i d  Management Faci l i ty  Concept 
Definition S t u d y  (CFMF) 

7. A u t h o r ( r ) R . N .  Eberhardt, J.P. Gil le ,  W.J. B a i l e y  and 
R . L .  Berry 

9. Porforming O r g m i  rotion Nom. md Addross 

17. K e y  Words 
Cryogenic Fluid Management, CFMF, Fluid 
Transfer, Resupply, Thermodynamic Vent 
System, Liquid Acquisition, Thermal 
Control, Space-based O r b i t  Transfer 
Vehicle 

5. Roport Doto 
D e c e m b e r  1983 

6. Porforming Orgonixation Cod. 

MCR-83- 536 
8.  Performing Organtrotion Roport No.  

10. Work Unit  No.  

18. Distribution Stotemont 

Unclassified - unlimited 

19. Security Classif. (of this roport) 

Uncl ass i f i ed 

I 

20. Socurity Classif .  (of this pogo) 21- NO. of Pogos 22. Prico 

Unci ass i f ied 64 



T H I S  

B E S T  

T A I N  

T I C E  

B E E N  R E P R O D G C S D  FSO71: T H E  



This  r e p o r t  was prepared by M a r t i n  M a r i e t t a  Corporat ion,  Denver Aerospace, 
under Con t rac t  NAS3-23355. 
Research Center o f  t h e  Na t iona l  Aeronaut ics and Space A d m i n i s t r a t i o n ,  
Cleveland, Ohio . 
Conceptual D e f i n i t i o n .  

Design program: 

The c o n t r a c t  i s  be ing admin i s te red  by t h e  Lewis 

The r e p o r t  documents t h e  r e s u l t s  o f  Task I - CFMF 

The f o l l o w i n g  NASA-LeRC i n d i v i d u a l s  a re  i n v o l v e d  i n  t h e  CFMF D e t a i l e d  

Mr .  E r i c h  W. Kroeger - P r o j e c t  Manager 
M r .  John C. A y d e l o t t  - P r i n c i p a l  I n v e s t i g a t o r  
Mr .  Eugene P. Symons - O v e r a l l  Program Management 

I n  a d d i t i o n  t o  t h e  authors t h e  f o l l o w i n g  Mar 
c o n t r i b u t e d  t o  t h e  Task I e f f o r t :  

M r .  John S. Mar ino - Design 
Mr .  W i l l i a m  A. Johns - Thermal and F l u i d  Ana 
M r .  Sam M. Dominick - Cry0 F l u i d  Management 

i n  M a r i e t t a  personnel  

y s i s  
Technica l  Requirements, 

Receiver Tank P a r t i a l  A c q u i s i t i o n  Device Ana lys i s  
and Conceptual Design 

M r .  Car l  D. S t e r l i n g  - Thermal I n t e g r a t i o n  Design Trades 
M r .  Glenn E. Hi tchcock - Avionics;  c o n t r o l  and Data A c q u i s i t i o n  System 
M r .  Nevin E. Fornwa l t  - Avion ics;  C o n t r o l  and Data A c q u i s i t i o n  System 
M r .  Dale A. F e s t e r  - F l u i d  Management System and Conceptual Design 

Review 

The d a t a  i n  t h i s  r e p o r t  are presented w i t h  t h e  I n t e r n a t i o n a l  System o f  
u n i t s  as t h e  p r i m a r y  u n i t s  and E n g l i s h  u n i t s  as secondary u n i t s .  
c a l c u l a t i o n s  and graphs were made i n  E n g l i s h  u n i t s  and conver ted t o  t h e  
I n t e r n a t i o n a l  u n i t s .  Some requirements ( p r i m a r i l y  dimensions and 
d isp lacements) ,  s p e c i f i e d  i n  handbooks and I n t e r f a c e  C o n t r o l  Documents i n  
E n g l i s h  u n i t s  on ly ,  a re  l i k e w i s e  presented i n  E n g l i s h  u n i t s  o n l y  i n  t h i s  
r e p o r t .  

A l l  



TABLE OF CONTENTS 

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . .  
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ABBREVIATIONS AND ACRONYMS . . . . . . . . . . . . . . . . . . . . . .  
I . INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . .  
I 1  . C R Y O G E N I C  FLUID MANAGEMENT TECHNOLOGY REQUIREMENTS . . . . . . . .  

A . L i q u i d  Storage/Supply Systems . .  . . . . . . . . . . . .  
B . Thermal Contro l  Systems . . . . . . . . . . . . . . . . . .  
C . F l u i d  Transfer/Resupply . . . . . . . . . . . . . . . . . .  
D . Cryogenic F l u i d  Management P r i o r i t y  Assessment . . . . . . .  

I 1 1  . FLUID AND THERMAL ANALYSIS . . . . . . . . . . . . . . . . . . .  
A . S c a l i n g  A n a l y s i s  and Model ing Approach . . . . . . . . . . .  
B . Ana lys i s  o f  F l u i d  Management Systems . . . . . . . . . . . .  
C . Experiment S i z i n g  Considerat ions . . . . . . . . . . . . . .  
D . Miss ion  Object ives.  Schematics and T imel ines . . . . . . . .  

I V  . CFMF CONCEPTUAL DESIGN STUDIES . . . . . . . . . . . . . . . . .  
A . S t r u c t u r a l  Design Trades . . . . . . . . . . . . . . . . . .  
B . Thermal Design Trades . . . . . . . . . . . . . . . . . . .  
C . C o n f i g u r a t i o n / C a r r i e r  Trades . . . . . . . . . . . . . . . .  
D . ROM Cost and Schedule . . . . . . . . . . . . . . . . . . .  
E . Trade Study Resu l t s  . . . . . . . . . . . . . . . . . . . .  

V . RECOMMENDED CONCEPTUAL DESIGN . . . . . . . . . . . . . . . . . .  
LIST OF FIGURES 

FIGURE TITLE 

1-1 
1-2 
11-1 
11-2 
111-1 

111-2 
111-3 

111-4 
111-5 
111-6 
111-7 

111-8 
111-9 
111-10 
111-11 
111-12 

CFMF on Spacelab P a l l e t  . . . . . . . . . . . . . . . . . .  
CFMF on MPESS C a r r i e r  . . . . . . . . . . . . . . . . . . .  
Cryogenic F l u i d  Management Systems Concept Schematic . . .  
Space-Based O r b i t  T rans fe r  Veh ic le  C o n f i g u r a t i o n  . . . . .  
Reynolds Number vs . Tank Size and F l u i d  V e l o c i t y  f o r  

F i n a l  Pressure A f t e r  No-Vent F i l l  vs  . I n i t i a l  Temperature . 
F i n a l  Temperature and F l u i d  D e n s i t y  A f t e r  No-Vent F i l l  vs . 
S i m u l a t i o n  o f  Tank Chi l ldown . . . . . . . . . . . . . . .  
S i n g l e  Charge Cycle . . . . . . . . . . . . . . . . . . . .  
Three Charge Cycles . . . . . . . . . . . . . . . . . . . .  
Pressure and Percent F u l l  vs . Time f o r  T y p i c a l  No-Vent 

CFMF Supply Tank P r e s s u r i z a t i o n  Comparison . . . . . . . .  
R e f i l l a b l e  P a r t i a l  A c q u i s i t i o n  Device Concept . . . . . . .  
Miss ion  1 S i m p l i f i e d  Schematic . . . . . . . . . . . . . .  
M i s s i o n  2 S i m p l i f i e d  Schematic . . . . . . . . . . . . . .  

Hydrogen . . . . . . . . . . . . . . . . . . . . . . . .  

I n i t i a l  Temperature . . . . . . . . . . . . . . . . . . .  

F i l l  S i m u l a t i o n  . . . . . . . . . . . . . . . . . . . . .  

Pred ic ted  R e f i l l  o f  P a r t i a l  A c q u i s i t i o n  Device . . . . . .  

PAGE . 
ii 

iii 

i v  

1-1 

11-1 
11-1 
11-3 
11-5 
11-7 

111-1 
111-1 
111-3 
111-13 
111-15 

1v-1 
1v-1 
1v-7 
1V-7 
1\/-1 3 
1v-13 

v-1 

Page 

1-3 
1-4 
11-2 
11-9 

111-2 
111-4 

111-4 
111-5 
111-6 
111-6 

111-8 
111-10 
111-12 
111-13 
111-22 
111-23 

ii 



LIST OF FIGURES (CONT'D) 

F I GURE 

111-13 
111-14 
111-15 
111-16 
I V  -1 
IV-2 
IV-3 

IV-4 
I V-5 
IV-6 
I V - 7  
IV-8 
v -1 

M iss ion  3 S i m p l i f i e d  Schematic . . . . . . . . . . . . . .  
Miss ion  1 T ime l i ne  . . . . . . . . . . . . . . . . . . . .  
M i s s i o n  2 T i m e l i n e  . . . . . . . . . . . . . . . . . . . .  
Miss ion  3 T ime l i ne  . . . . . . . . . . . . . . . . . . . .  
CFMF/WESS C o n f i g u r a t i o n  . . . . . . . . . . . . . . . . .  
CFMF/MDM P a l l e t  C o n f i g u r a t i o n  . . . . . . . . . . . . . . .  
Conceptual Design f o r  CFMF/Pallet Thermal P r o t e c t i o n  

Thermal Performance - CFMF Conceptual Design . Hot Case . . 
Thermal Performance . CFMF Conceptual Design . Cold Case . 

. .  

System w i t h  A c t i v e  Thermal C o n t r o l  . . . . . . . . . . .  
P r e l i m i n a r y  Orb i ter /Carr ier /CFMF Av ion ics  I n t e r f a c e s  . . .  
Processing Flow a t  KSC . V e r t i c a l  I n t e r r a t i o n  . . . . . . .  
P r e l i m i n a r y  CFMF Program Schedule . . . . . . . . . . . . .  

Recommended CFMF Conceptual Design . . . . . . . . . . . .  
LIST OF TABLES 

TABLE 

11-1 

11-2 

11-3 

11-4 
11-5 
111-1 
111-2 
111-3 
111-4 
111-5 
111-6 

111-7 
111-8 

IV-1 
IV-2 
1'1 -3 
IV-4 

TITLE Page 

111-24 
111-25 
111-26 
111-27 
1v-2 
1v-3 

1v-7 
IV-9 
IV-10 
IV-11 
1v-12 
1'1 -1 5 
v-2 

TITLE 

L i q u i d  Storage/Supply F l u i d  Management Systems. Technology 
Issues and P r i o r i t y  Assessment . . . . . . . . . . . . . .  

Thermal Con t ro l  Systems. Technology Issues and 
P r i o r i t y  Assessment . . . . . . . . . . . . . . . . . . .  

F l u i d  Transfer/Resupply Technologies and P r i o r i t y  
Assessment . . . . . . . . . . . . . . . . . . . . . . . .  

Spaced-based OTV . L i q u i d  Hydrogen Tank C h a r a c t e r i s t i c s  . . .  
Technology Recommendations f o r  CFMF . . . . . . . . . . . . .  
Miss ion  1 O b j e c t i v e s  and A n a l y t i c a l  Model V e r i f i c a t i o n  . . .  
M i s s i o n  2 O b j e c t i v e s  and A n a l y t i c a l  Model V e r i f i c a t i o n  . . .  
Miss ion  3 O b j e c t i v e s  . . . . . . . . . . . . . . . . . . . .  
Miss ion  3 A n a l y t i c a l  Model V e r i f i c a t i o n  . . . . . . . . . .  
L i q u i d  Storage/Supply F l u i d  Management . M i s s i o n  
Cross Reference . . . . . . . . . . . . . . . . . . . . . . .  
Thermal C o n t r o l  System . Miss ion  Cross Reference . . . . . .  
F l u i d  Transfer/Resupply Technologies . M i s s i o n  Cross 

Reference . . . . . . . . . . . . . . . . . . . . . . . .  
C a r r i e r  Environmental  Requirements Comparison . . . . . . . . .  
Payload Frequency C r i t e r i a  and Design L i m i t  Load Fac to rs  . . 
MPESS C a r r i e r  and CFMF Weight and CG Comparisons . . . . . .  
C a r r i e r  Trade Study Summary . . . . . . . . . . . . . . . . .  

Receiver  Tank S i z i n g  Summary . . . . . . . . . . . . . . . .  

Page 

11-8 

11-8 

11-9 
11-10 
11-1 0 
111-14 
111-16 
111-17 
111-18 
111-19 

111-19 
111-20 

111-21 
1v-4 
IV-5 
1v-5 
1v-15 

iii 



A B B R E V I A T I O N S  AND ACRONYMS 

BT U 
C 
CADS 
C DR 
C FME 

C FMF 
cm 
C SAM 
D 
DA 
DACS 
db 
DC 
DOD 
DTR 
EGSE 
E SA 
ET 
F 
f t  
FMDM 
!3 
GHe 
G Hz 
GH2 
G MT 
GSE 
GSFC 
H r  
HX 
Hz 
i n  
I/O ' 
K 
kg 
I< Hz 
km 
kN 
KSC 
L 
LAD 
l b  
lbm 
L eRC 
LH2 
L N2 

MDM 
MET 

CFME-TA 

m 

B r i t i s h  Thermal U n i t  
Cent igrade 
Con t ro l  and Data A c q u i s i t i o n  System 
C r i t i c a l  Design Review 
Cryogenic F l u i d  Management Experiment 
Cryogenic F l u i d  Management Experiment - Test  A r t i c l e  
Cryogenic F l u i d  Management F a c i l i t y  
Cent imeter 
Cryogenic Storage Ana lys i s  Model 
Diameter 
Double Ampl i tude 
Data A c q u i s i t i o n  and Con t ro l  System 
Decibel  
D i r e c t  Current  
Department of Defense 
Data Tape Recorder 
E l e c t r i c a l  Ground Support Equipment 
European Space Agency 
E x t e r n a l  Tank 
Fahrenhe i t  
Foot  
F l e x i b l e  Multiplexer/Demultiplexer 
Force o f  G r a v i t y  
Gaseous Hel ium 
Giga Her t z  
Gaseous Hydrogen 
Greenwich Mean Time 
Ground Support Equipment 
Goddard Space F l i g h t  Center 
Hour 
Heat Exchanger 
Her t z  
Inch  
Inpu t /Ou tpu t  
K e l v i n  
K i  1 ogram 
K i l o  Her t z  
K i l o m e t e r  
K i l o  Newton 
Kennedy Space Center 
Length 
L i q u i d  A c q u i s i t i o n  Device 
Pound 
Pound Mass 
Lewis Research Center 
L i q u i d  Hydrogen 
L i q u i d  N i t r o g e n  
Meter 
Multiplexer/Demultiplexer 
Miss ion  Elapsed Time 

i v  



A B B R E V I A T I O N S  AND ACRONYMS (CONTINUED) 

MHz 
m i  n 
ML I 
MP E SS 
MSFC 
N 
NASA 
OCP 
Oct 
0 FT 
OMV 
OP F 
OTV 
PCB 
P DU 
P DR 
PL 
P P I H  
PPM 
p s i  
p s i a  
Ps i  9 
PTB 
RC S 
R OM 
SCC 
sec 
SMCH 
sow 
ST S 
TCS 
TV S 
VAB 
vc s 
!.1 

Mega-Hertz 
M inu te  
M u l t i l a y e r  I n s u l a t i o n  
Mu l t i pu rpose  Experiment Support  S t r u c t u r e  
Marsha l l  Space F l i g h t  Center 
Newton 
N a t i o n a l  Aeronaut ics  and Space A d m i n i s t r a t i o n  
Operat ion Con t ro l  Panel 
O c t i v e  
O r b i t a l  F l i g h t  Tes t  
O r b i t  Maneuvering Veh ic les  
O r b i t e r  Process ing F a c i l i t y  
O r b i t  T rans fe r  Veh ic les  
Power Contro l  Box 
Power D i s t r i b u t i o n  U n i t  
P r e l i m i n a r y  Design Review 
Pay1 oad 
Payload P a l l e t  I n t e g r a t i o n  Hardware 
Par t s  Per M i l l i o n  
Pound per  Square Inch  
Pound p e r  Square Inch Absolute 
Pound per  Square I n c h  Gage 
Paylod Timing B u f f e r  
React ion C o n t r o l  System 
Rough Order o f  Magnitude 
Standard Cubic Cent imeter  
Second 
Standard Mixed Cargo Harness 
Statement O f  Work 
Space T r a n s p o r t a t i o n  System 
Thermal Con t ro l  System 
Thermodynamic Vent System 
Veh ic le  Assembly B u i l d i n g  
Vapor Cooled S h i e l d  
Watt 



I. I N T R O D U C T I O N  

The Cryogenic F l u i d  Management F a c i l i t y  (CFMF) i s  a reusab le  t e s t  bed 
which i s  designed t o  be c a r r i e d  i n t o  space i n  t h e  S h u t t l e  cargo bay t o  
i n v e s t i g a t e  systems and technologies r e q u i r e d  t o  e f f i c i e n t l y  and e f f e c t i v e l y  
manage cryogens i n  space. The f a c i l i t y  hardware i s  c o n f i g u r e d  t o  p r o v i d e  
low-g v e r i f i c a t i o n  of f l u i d  and therinal models o f  c ryogen ic  s to rage  and 
t r a n s f e r  concepts and processes. 
f u t u r e  s u b c r i t i c a l  cryogenic  storage and t r a n s f e r  systems w i l l  be obta ined.  
F u t u r e  a p p l i c a t i o n s  i n c l u d e  space-based and ground-based o r b i t  t r a n s f e r  
v e h i c l e s  (OTV), space s t a t i o n  l i f e  support ,  a t t i t u d e  c o n t r o l ,  power and f u e l  
depot supply, r e s u p p l y  tankers,  e x t e r n a l  tank (ET) p r o p e l  l a n t  scavenging, 
space-based weapon systems and space-based o r b i t  maneuvering v e h i c l e s  (OMV) .  

Cryogenic f l u i d  management (CFM) c o n s i s t s  o f  t h e  systems and techno log ies  
f o r :  1) l i q u i d  s torage and supply,  i n c l u d i n g  c a p i l l a r y  a c q u i s i t i o n / e x p u l s i o n  
systems which p r o v i d e  s ing le-phase l i q u i d  t o  t h e  user  system, 2 )  b o t h  pass i ve  
and a c t i v e  thermal c o n t r o l  systems, and 3 )  f l u i d  t r a n s f e r / r e s u p p l y  systems, 
i n c l u d i n g  t r a n s f e r  l i n e s  and r e c e i v e r  tanks.  The f a c i l i t y  tankage systems 
w i l l  be conf igured t o  i n v e s t i g a t e  methods o f  i n t e g r a t i n g  pressure c o n t r o l ,  
l i q u i d  a c q u i s i t i o n  and l i q u i d  t r a n s f e r  concepts. 

The f a c i l i t y  des ign approach inc ludes us ing l i q u i d  hydrogen as t h e  t e s t  
f l u i d ,  des ign ing  f o r  seven f l i g h t s ,  w i t h  c u r r e n t  m i s s i o n  p l a n n i n g  f o r  t h r e e  
f l i g h t s ,  c o n s i s t i n g  o f  maximum 7-day t e s t  pe r iods  as a s h u t t l e - a t t a c h e d  
paylzad. 
f a c i l i t y  t h rough  a c r i t i c a l  des ign rev iew  (CDR), c o n s i d e r i n g  p o t e n t i a l  
m o d i f i c a t i o n s  t o  t h e  p r e v i o u s l y  de f i ned  systems concepts desc r ibed  i n  NASA 
CR-165495 and NASA CR-165279. This  r e p o r t  documents t h e  Task I t r a d e  s tudy 
and conceptual  des ign e f f o r t  which w i l l  be t h e  b a s i s  o f  t h e  p r e l i m i n a r y  and 
d e t a i l e d  CFMF design l ead ing  t o  t h e  CDR i n  mid 1984. 

The Task I Conceptual D e f i n i t i o n  e f f o r t  c o n s i s t e d  of "-Fee subtasks 
( e x c l u d i n g  r e p o r t i n g ) .  The t h r e e  subtasks and major iterlla',Ydressed i n  each 
are l i s t e d  below, and d iscussed i n  g r e a t e r  d e t a i l  i n  Chapters I 1  th rough  I V .  

S i g n i f i c a n t  des ign da ta  and c r i t e r i a  f o r  

The c u r r e n t  c o n t r a c t e d  e f f z r t  i s  t o  c a r r y  t h e  d e t a i l e d  d e s i g ~  c f  t h e  

o Cryogenic f l u i d  management technology requirements.  
Reviewed NASA and DOD m iss ion -p lans .  
Categor ized and p r i o r i  t i z e d  spacec ra f t  and m i s s i o n  cryogenic  
f l u i d  management requirements. 
Assessed s t a t e - o f - t h e - a r t  i n  CFM des ign r e l a t i v e  t o  
requirements,  and i d e n t i f i e d  techno log ies  f o r  p o t e n t i a l  s tudy  i n  
t h e  CFMF. 
and thermal  a n a l y s i s .  
Performed a s c a l i n g  analys is ,  as app rop r ia te ,  e s t a b l i s h i n g  
p r e l i m i n a r y  d e f i n i t i o n  o f  CFMF c h a r a c t e r i s t i c s  ( s i z e ,  geometry, 
e t c ) .  
Def ined unique f l u i d  management system models i n c l u d i n g  
assumptions, equat ions,  boundary c o n d i t i o n s  and methods o f  
so l  u t i  on. 
Analyzed each unique f l u i d  managewnt system, i d e n t i f y i n g  those 
areas/assumptions r e q u i r i n g  o r b i t a l  da ta  t o  reso lve .  
I d e n t i f i e d  CFMF exper imental  parameters, i n c l u d i n g  measurement 
accuracy and frequency. 
I d e n t i f i c a t i o n  o f  a l l  p o r t i o n s  o f  analyses and system models t o  
be examined on each mission. 
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o Establishment of conceptual design. - Considered systems described i n  NASA CR-165279 and  NASA 
CR-165495. - Performed CFMF/carrier configuration t rades ;  the candidate 
ca r r i e r s  included the Spacelab p a l l e t ,  the Multipurpose 
Experiment Support-Structure (MPESS) and the MDM pa l l e t  (which 
i s  a mixed cargo ca r r i e r  version o f  the Spacelab p a l l e t ) .  
conceptual version of the CFMF on b o t h  the Spacelab pa l l e t  and 
MPESS i s  shown in Figures 1-1 and 1-2, respectively.  

each configuration. 

A 

- Prepared ROM cost and  schedule for  development and f l i g h t  of 

The Task I recommended CFMF Conceptual design resul t ing from t h i s  e f f o r t  
i s  presented i n  Chapter V .  
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11. CRYOGENIC FLUID MANAGEMENT TECHNOLOGY REQUIREMENTS 

NASA and DOD f u t u r e  m iss ion  plans were reviewed t o  i d e n t i f y  in-space 
c ryogen ic  f l u i d  management (CFM) technology requirements.  The CFM systems 
were grouped accord ing t o  whether they  were l i q u i d  s to rage lsupp ly ,  thermal 
c o n t r o l  o r  f l u i d  t r a n s f e r l r e s u p p l y .  
systems f o r  each group, comments about s t a t e - o f - t h e - a r t  s t a t u s  and s u i t a b i l i t y  
f o r  p o t e n t i a l  s tudy  a re  addressed below. Cryogenic f l u i d  management system 
elements are i l l u s t r a t e d  schemat i ca l l y  i n  F i g u r e  11-1. 

C u r r e n t l y  planned f l u i d  management 

A. LIQUID STORAGE/SUPPLY SYSTEMS 

These systems can be subdiv ided i n t o  t h r e e  genera l  technology areas, 
a c q u i s i t i o n / e x p u l s i o n  systems, p r e s s u r i z a t i o n  systems and s losh  c o n t r o l  
systems. P r e s s u r i z a t i o n  i s  most o f t e n  t h e  energy source f o r  accompl ishing t h e  
o u t f l o w .  Some a p p l i c a t i o n s  r e q u i r e  a more p o s i t i v e  s losh  c o n t r o l  o f  t h e  
moving l i q u i d  w i t h i n  a tank than i s  p rov ided  by v i scous  damping along t h e  tank 
w a l l  s. 

A c q u i s i t i o n / E x p u l s i o n  - Expuls ion approaches i n  low-g c o n s i s t  o f  d i r e c t  
l i q u i d  o u t f l o w  w h i l e  s e t t l e d  o r  t h e  use of c a p i l l a r y  a c q u i s i t i o n  dev ices t o  
c a p t u r e  t h e  l i q u i d  f o r  s ingle-phase l i q u i d  feed. 

D i r e c t  Tank Outf low w i t h  S e t t l i n g  - For  main p r o p u l s i o n  systems t h a t  
p r o v i d e  a s e t t l i n g  t h r u s t ,  p r o p e l l a n t s  may be d e l i v e r e d  d i r e c t l y  from a tank 
o u t l e t .  
mode d u r i n g  a c h i l l d o w n  phase. This low l e v e l  o p e r a t i o n  p rov ides  a l o w  t h r u s t  
l e v e l ,  adequate f o r  p r o p e l l a n t  s e t t l i n g ,  and g e n e r a l l y ,  a m i x t u r e  o f  l i q u i d  
and vapor can be accepted by t h e  engine d u r i n g  t h i s  pe r iod .  A concern i n  t h e  
use o f  t h i s  approach i s  t h a t  vapor n o t  reach t h e  engine a f t e r  t h e  pumps have 
reached a h i g h  speed, s i n c e  damage may r e s u l t .  Therefore,  i t  i s  necessary t o  
be a b l e  t o  p r e d i c t  t h e  t i m e  r e q u i r e d  t o  s e t t l e  bubb le - f ree  l i q u i d  t o  t h e  
o u t l e t ,  and t o  a l l o w  adequate t i m e  a t  low t h r u s t  t o  d i s p l a c e  a l l  bubbles t h a t  
were p r e v i o u s l y  i nges ted  i n t o  t h e  l i n e .  

des ign  d a t a  and models a re  needed t o  reduce conservat ism. 
t e s t  cou ld  be conducted i n  t h e  CFMF i n  which t h e  l i q u i d  cou ld  be i n i t i a l l y  
s e t t l e d  away f rom t h e  o u t l e t ,  g i v i n g  a known and worst  case s t a r t i n g  
c o n f i g u r a t i o n .  However, t h e  a v a i l a b i l i t y  o f  adequate i n s t r u m e n t a t i o n  t o  
determine when w e l l - s e t t l e d  l i q u i d  i s  a v a i l a b l e  a t  t h e  o u t l e t  i s  
quest ionable.  S e t t l i n g  o f  l i q u i d  t o  t h e  o u t l e t  t o  empty t h e  r e c e i v e r  tanks i s  
r e q u i r e d ,  and w i l l  be i n c l u d e d  i n  t h e  CFMF; q u a n t i t a t i v e  da ta  on f l u i d  q u a l i t y  
nay n o t  be obta ined.  

1. 

I n  p a r t i c u l a r ,  seve ra l  r o c k e t  engines operate i n  a tank  head i d l e  

Al though p r o p e l l a n t  s e t t l i n g  has been employed i n  space veh ic les ,  b e t t e r  
A l i q u i d  s e t t l i n g  

2. C a p i l l a r y  A c q u i s i t i o n  Devices - When p r o p e l l a n t  s e t t l i n g  i s  n o t  
D r a c t i c a l .  o t h e r  methods must be considered f o r  d e l i v e r y  o f  s inq le-phase 
' l i q u i d  f r o m  a tank. 
most u s e f u l  means f o r  management o f  f l u i d s  i n  low g r a v i t y  environments. 

c h a r a c t e r i s t i c s  o f  f i n e  mesh screen. The tank  o u t l e t  i s  connected t o  v a r i o u s  
reg ions  o f  t h e  s torage tank by  a condu i t  t h a t  may be one o r  more r e c t a n g u l a r  
channels, o r  any o t h e r  c o n f i g u r a t i o n  t h a t  w i l l  reach t o  areas where l i q u i d  may 
be l o c a t e d  i n  low-g. 
screen. Because these  channels w i l l  be i n  c o n t a c t  w i t h  l i q u i d  f o r  any low-g 
o r i e n t a t i o n ,  i t  i s  c a l l e d  a t o t a l  communication device.  So long as l i q u i d  

C a p i l l a r y  o r  su r face  tens io i i  f o r c e ;  have proven t o  be t h e  

Closed c a p i l l a r y  l i q u i d  a c q u i s i t i o n  dev ices make use of t h e  

The c o n d u i t  i s  made i n  l a r g e  p a r t  f rom f ine-mesh 
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c o n t a c t s  t h e  screen a t  any p o i n t ,  l i q u i d  w i l l  f l ow  i n t o  t h e  dev ice du r ing  tank 
o u t f l o w ,  and gas w i l l  be b locked out. A c losed  a c q u i s i t i o n  system was 
designed under t h e  Cryogenic F l u i d  Management Experiment [CFME) program. 

When a p r o p u l s i o n  system generates a s e t t l i n g  t h r u s t ,  b u t  r e q u i r e s  a 
s u p p l y  o f  gas f r e e  l i q u i d  f o r  s ta r t -up ,  a p a r t i a l  communication a c q u i s i t i o n  
d e v i c e  may be used. 
t h e  tank  o u t l e t .  The same c h a r a c t e r i s t i c s  o f  f ine-mesh screen a c t  t o  h o l d  
l i q u i d  i n  t h e  device,  which i s  assumed t o  be i n i t i a l l y  f u l l ,  under low-g 
c o n d i t i o n s .  
o u t l e t  reg ion,  t h e  r e s e r v o i r  w i l l  p r o v i d e  l i q u i d  u n t i l  p r o p e l l a n t  i s  s e t t l e d .  
Some gas w i l l  have en te red  t h e  device, o f  course, s ince  t h e  a b i l i t y  o f  t h e  
screen t o  b lock  gas e n t r y  w i l l  be overcome when inadequate l i q u i d  i s  i n  
c o n t a c t  w i t h  t h e  screen. 

A n a l y s i s  and modeling techniques are w e l l  developed f o r  c a p i l l a r y  
a c q u i s i t i o n  dev ices f o r  s t o r a b l e  p r o p e l l a n t s .  
r e q u i r e  t h e  same analyses. I n  add i t i on ,  concern must be g iven t o  thermal 
e f f e c t s ,  s ince  t h e  cryogens a re  s to red  a t  near t h e i r  b o i l i n g  p o i n t .  
necessary t o  p r o v i d e  means f o r  thermal c o n t r o l  o f  c losed  a c q u i s i t i o n  dev ices 
t o  p r e v e n t  vapor f o r m a t i o n  and displacement o f  l i q u i d .  
o r b i t a l  t e s t i n g  o f  such devices should be a p r i o r i t y  o b j e c t i v e  f o r  t h e  CFMF. 
I n  a d d i t i o n  t o  t h e  use o f  a t o t a l  a c q u i s i t i o n  system f o r  t h e  supp ly  tank,  a 
p a r t i a l  a c q u i s i t i o n  dev i ce  i s  recommended t o  be i n c l u d e d  i n  t h e  r e c e i v e r  tank  
f o r  one miss ion.  

P ressu rsza t i on  - P r e s s u r i z a t i o n  must be p rov ided  f o r  b o t h  supp ly  and 
r e c e i v e r  tanks t o  p r o v i d e  f o r  o u t f l o w  and i n e r t i n g .  De te rm ina t ion  o f  he l i um 
requi rements i s  r e l a t i v e l y  s t r a i g h t f o r w a r d  b u t  i s  dependant on i n t e r n a l  tank 
thermodynamics i n  low-g, f o r  which inadequate d a t a  e x i s t s .  

avo id  use of non-condensible pressurants,  such as hel ium. Such tanks w i l l  be 
r e s u p p l i e d  p r i o r  t o  be ing complete ly  drained, and a means f o r  removing t h e  
p r e s s u r a n t  i s  r e q u i r e d  i n  o rde r  t o  avo id  o v e r - p r e s s u r i z a t i o n  d u r i n g  r e f i l l .  
Autogenous p r e s s u r i z a t i o n ,  us ing heated vapor o f  t h e  s t o r e d  l i q u i d ,  i s  
s u c c e s s f u l l y  a p p l i e d  i n  boos te r  p r o p u l s i o n  systems. However, f o r  low-g 
a p p l i c a t i o n s ,  t h e  thermodynamics are somewhat d i f f e r e n t .  I n  a boost  
environment, t h e  h igh-g f i e l d  helps t o  m a i n t a i n  temperature s t r a t i f i c a t i o n  
which i s  r e q u i r e d  t o  p reven t  excessive c o o l i n g  and condensat ion o f  t h e  
p r e s s u r i z i n g  vapor. Current  c a p a b i l i t i e s  f o r  a n a l y s i s  o f  low-g autogenous 
p r e s s u r i z a t i o n  a re  inadequate, and o r b i t a l  t e s t i n g  o f  such a system i s  
recommended as a h i g h  p r i o r i t y  f o r  CFMF. 

and d i r e c t e d  beam weapon systems, r e q u i r e  ext remely c l o s e  c o n t r o l  o f  v e h i c l e  
a t t i t u d e .  I n  low-g ve ry  l a r g e  ampl i tude l i q u i d  mo t ion  can r e s u l t  f rom 
r e l a t i v e l y  smal l  d i s tu rbances  such as a t t i t u d e  change and t h r u s t i n g  f o r  o r b i t  
c o r r e c t i o n .  I t  i s  a n t i c i p a t e d  t h a t  s l o s h  b a f f l e  systems w i l l  be r e q u i r e d  f o r  
some o f  these systems and t h a t  t h e  b a f f l e  systems c o u l d  s i g n i f i c a n t l y  impact 
o t h e r  f l u i d  management systems. However, i n  t h e  absence o f  s p e c i f i c  
requirements,  i t  i s  n o t  app rop r ia te  t o  d e f i n e  and analyze s l o s h  c o n t r o l  
systems a t  t h i s  t ime. 

This t y p e  dev ice i s  c o n f i g u r e d  as a r e s e r v o i r  l o c a t e d  a t  

I f  engine s t a r t  occurs when l i q u i d  i s  o r i e n t e d  away f rom t h e  

Systems f o r  c ryogen ic  f l u i d s  

!t iS 

F o r  t h i s  reason, 

Fo r  a p p l i c a t i o n s  l i k e  a space s t a t i o n  depot, i t  would be ve ry  d e s i r a b l e  t o  

Slosh C o n t r o l  - Many f u t u r e  space missions, such as te lescope  p l a t f o r m s  

6. THERMAL CONTROL SYSTEMS 

Cryogenic s to rage  systems a re  dependant on e f f e c t i v e  ther inal  c o n t r o l  f o r  
p roper  performance and reasonable b o i l o f f  losses. Systems f o r  thermal  c o n t r o l  
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can be ca tegor i zed  under two groups; thermal  p r o t e c t i o n  systems a r e  r e q u i r e d  
t o  min imize heat leak and thermal  management systems are r e q u i r e d  t o  m in im ize  
v e n t i n g  and pressure excu rs ions  r e s u l t i n g  f r o m  t h e  hea t  leak.  

Thermal P r o t e c t i o n  System - Heat reaches c ryogen ic  tanks th rough  t h e  tank  
i n s u l a t i o n ,  t h e  suppor t  system, t h e  p ipes  a t tached  t o  t h e  tank,  and any o t h e r  
p e n e t r a t i o n s  such as i n s t r u m e n t a t i o n  l e a d  w i res .  Heat ing r a t e s  a re  a l s o  
s t r o n g l y  i n f l u e n c e d  by t h e  thermal  environment and p r o v i s i o n s  t h a t  may be 
i n c o r p o r a t e d  t o  reduce e x t e r n a l  h e a t i n g  such as thermal  c o a t i n g s  or sun 
sh ie lds .  Most o f  t h e  the rma l  a n a l y s i s  i s  s t r a i g h t f o r w a r d  and based on 
adequate data. An excep t ion  i s  heat  t r a n s f e r  t h rough  m u l t i l a y e r  i n s u l a t i o n  
(MLI) .  The performance o f  MLI v a r i e s  somewhat under l a b o r a t o r y  c o n d i t i o n s .  
When a p p l i e d  t o  a c t u a l  tanks, however, t h e r e  i s  c o n s i d e r a b l e  deg rada t ion  and 
much g r e a t e r  v a r i a t i o n  i n  hea t  t ransmiss ion .  
c loseou ts  around p e n e t r a t i o n s  are sources o f  added heat  leak, and v a r i a t i o n s  
i n  l a y e r  d e n s i t y  i n f l u e n c e  performance. A p a r t i c u l a r  concern i s  w i t h  l a r g e r  
systems, and p a r t i c u l a r l y  i f  t h i c k e r  b l a n k e t s  are t o  be used. 
systems, t h e  weight  o f  t h e  MLI w i l l  be much g r e a t e r  t han  f o r  t h e  tanks  t h a t  
have been i n s u l a t e d  and t e s t e d  t o  date. C u r r e n t  methods o f  a t t a c h i n g  and 
suppor t i ng  the  MLI may be inadequate, and s e l f  compression, p a r t i c u l a r l y  
d u r i n g  e a r t h  t o  o r b i t  t r a n s p o r t ,  w i l l  be much g rea te r .  S i ze  l i m i t a t i o n s  f o r  
t h e  CFMF p rec lude  address ing t h e  s e l f  compression issue.  However, t h e  space 
performance of i n s u l a t i o n  b l a n k e t s  o f  a t  l e a s t  30 l a y e r s  i n  t h i c k n e s s  should 
be addressed by CFMF. 

Ground loading o f  l i q u i d  hydrogen r e q u i r e s  t h a t  a i r  n o t  be a l l owed  i n  
c o n t a c t  w i t h  t h e  tank t o  p reven t  condensat ion o f  n i t r o g e n  and oxygen. One 
approach t o  p reven t ing  a i r  c o n t a c t  w i t h  t h e  tank i s  t o  use a vacuum j a c k e t  
around t h e  tank; t h i s  i s  t h e  concept recommended f o r  t h e  supp ly  tank  which 
w i l l  be loaded on t h e  ground and c a r r y  t h e  hydrogen i n t o  o r b i t .  The 
conven t iona l  non-vacuum-jacketed approach i s  t o  purge MLI w i t h  hel ium. An 
a l t e r n a t i v e  non-vacuum- j a c k e t e d  concept i s  t o  i n s t a l l  a l a y e r  o f  c l o s e d - c e l l  
foam i n s u l a t i o n  d i r e c t l y  on t h e  tank, apply  t h e  MLI over  t h e  foam and purge 
w i t h  d r y  n i t rogen .  The foam i n s u l a t i o n  p rov ides  enough thermal  r e s i s t a n c e  t o  
p reven t  condensat ion o f  n i t r o g e n ,  and t h e  combined e f f e c t s  o f  t h e  foam and t h e  
lower thermal  c o n d u c t i v i t y  o f  n i t r o g e n  compared t o  he l i um g r e a t l y  reduces 
ground h o l d  and ascent b o i l o f f  losses. 
non-vacuum-jacketed i n s u l a t i o n  systems can be v e r i f i e d  by ground t e s t s ,  and 
s ince  t h e  CFMF r e c e i v e r  tank  i s  n o t  loaded on t h e  ground, these  concepts w i l l  
n o t  be p a r t  o f  t h e  CFMF o b j e c t i v e s .  E v a l u a t i o n  o f  t h e  i n s u l a t i o n  purge gas 
evacuat ion (e.g. h e l i u m  and/or n i t r o g e n )  d u r i n g  ascent, and o n - o r b i t  
performance o f  t h e  i n s u l a t i o n  system i s ,  however, recommended f o r  i n c l u s i o n  i n  
t h e  CFMF. 

D i s c o n t i n u i t i e s  due t o  seams and 

For  such 

The ground performance o f  t h e  

Thermal Management Systems - Thermal management i s  accomplished e i t h e r  b y  
d i r e c t  t ank  ven t ing  w h i l e  l i q u i d  i s  s e t t l e d  o r  by u s i n g  a thermodynamic v e n t  
sys tem. 

1. D i r e c t  Tank Vent inq w i t h  S e t t l i n g  - For  s h o r t  d u r a t i o n  s to rage  o f  
cryogens, i t  i s  f e a s i b l e  b u t  may n o t  always be p r a c t i c a l  t o  p r o v i d e  f o r  t ank  
p ressu re  c o n t r o l  by d i r e c t  t ank  ven t ing .  Th is  approach r e q u i r e s  t h a t  t h e  
l i q u i d  be s e t t l e d  t o  p r e v e n t  v e n t i n g  o f  l i q u i d .  
can r e s u l t  i n  r e t u r n i n g  l i q u i d  t o  o r  near  t h e  t o p  o f  t h e  tank, s u f f i c i e n t  
s e t t l i n g  t i m e  must be a l lowed t o  damp these  mot ions. 
i s  r e l a t i v e l y  high, b o i l i n g  may occur a t  p o i n t s  below t h e  l i q u i d  surface as 
t h e  tank pressure i s  reduced. Because t h e  r a t e  o f  bubble r i s e  i n  t h e  104-9 
s e t t l i n g  environment w i l l  be ve ry  low, t h i s  b u l k  b o i l i n g  may a l s o  r e s u l t  i n  
l i q u i d  approaching t h e  ven t  p o r t .  

Because rebound and sp lash ing  

I f  t h e  tank  v e n t i n g  r a t e  
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Vent ing of non-condensibles f r o m  a p a r t i a l l y  f i l l e d  tank  p r i o r  t o  
r e s u p p l y  o r  t opp ing  o f  t h e  tank w i t h  a d d i t i o n a l  l i q u i d  w i l l  l i k e l y  be 
r e q i i i r e d .  D i r e c t  t z n k  v e n t i n g  w i t h  s e t t l i n g  may be t h e  p r e f e r r e d  approach, 
w i t h  t h e  vent  open j u s t  long enough t o  a l l o w  t h e  o r i g i n a l  u l l a g e  vapor, 
f l o w i n g  a t  son ic  speed, t o  escape, l e a v i n g  most o f  t h e  o r i g i n a l  q u a n t i t y  o f  
l i q u i d  s t i l l  w i t h i n  t h e  tank. Tf i is  t y p e  o f  v e n t i n g  o f  non-condensibles i s  
recommended f o r  i n v e s t i a a t i o n  bv t h e  CFMF. 

2. Thermodynamic VGnt Syst im - The p r e f e r r e d  approach f o r  management o f  
t h e  e f f e c t s  o f  heat  leak i n  space s torage o f  cryogens i s  use o f  t h e  
thermodynamic ven t  concept. The Thermodynamic Vent System (TVS) avoids t h e  
problem of f i n d i n g  vapor i n  t h e  tank, and i n s t e a d  accepts l i q u i d  f r o m  a 
c a p i l l a r y  a c q u i s i t i o n  device.  
temperature and p a r t i a l l y  vaporized, t hen  con t inues  t o  be vapor ized by 
absorbing heat f rom t h e  tank  system i n  a heat  exchanger. 
i n t e r c e p t e d  a long t h e  va r ious  heat  leak paths, f u r t h e r  reduc ing  t h e  r a t e  of 
heat e n t e r i n g  t h e  c ryogen ic  s to rage  system. 
t h e  n e t  vent  r a t e  can be reduced t o  l e s s  than  h a l f  t h e  r a t e  r e q u i r e d  f o r  
d i r e c t  tank vent ing.  The TVS, i n  c o n j u n c t i o n  w i t h  a vapor-cooled s h i e l d ,  i s  
recommended f o r  i n c o r p o r a t i o n  i n t o  t h e  supp ly  tank f o r  CFMF. 

O p t i m i z a t i o n  o f  t h e  TVS i s  p r i m a r i l y  a m a t t e r  o f  placement o f  heat  
exchangers t o  b e s t  reduce vent  r a t e .  An i n t e r n a l  o r  t ank  heat  exchanger ( t h a t  
c o u l d  be c l o s e l y  t h e r m a l l y  a t tached t o  t h e  tank )  i s  r e q u i r e d  t o  achieve 
maximum t r a n s f e r  o f  heat  t o  t h e  vent f l u i d  a t  t h e  tank temperature l e v e l .  
T h i s  i s  an e s s e n t i a l  requi rement  f o r  e f f i c i e n t  TVS ope ra t i on .  A d d i t i o n a l  heat  
exchangers may be p l a c e d  w i t h i n  t h e  tank i n s u l a t i o n ,  u s i n g  a vapor-cooled 
s h i e l d  (VCS), o r  coupled t o  tank supports, t o  p ipes  at tached t o  t h e  tank  o r  t o  
any o t h e r  sources o f  hea t  leak.  Placement o f  t hese  heat  exchangers r e q u i r e s  
ba lanc ing  t h e  c o o l i n g  c a p a c i t y  i n  the ven t  f l u i d  w i t h  t h e  c h a r a c t e r i s t i - c s  o f  
t h e  hea t  leak t o  achieve minimum n e t  hea t  conductance t o  t h e  tank. TVS 
performance f o r  LH2 systems can a l so  be improved by u t i l i z a t i o n  o f  t h e  heat  
s i n k  c a p a c i t y  gained by  endothermic convers ion o f  t h e  vented hydrogen f r o m  i t s  
i n i t i a l  pa ra  form t o  o r  near i t s  e q u i l l i b r i u m  pa ra -o r tho  composi t ion.  

3. R e f r i g e r a t i o n  Systems - For v e r y  l ong  te rm s to rage  o f  cryogens, l o n g  
l i f e  r e f r i g e r a t o r s  cou ld  reduce ven t ing  losses by  absorbing t h e  m a j o r i t y  o f  
t h e  hea t  i n p u t  t o  t h e  f l u i d  s torage tank. This  approach i s  t h e  o b j e c t i v e  o f  
severa l  long range technology programs, b u t  such r e f r i g e r a t o r s  have n o t  y e t  
reached a s t a t e  o f  development t h a t  would war ran t  in-space t e s t i n g  on t h e  
S h u t t l e - a t t a c h e d  CFMF. I n  add i t i on ,  t h e  7 day m i s s i o n  t i m e  o f  t h e  S h u t t l e  
w i t h  CFMF a t tached  i s  t o o  s h o r t  t o  t e s t  r e f r i g e r a t i o n .  
i n v e s t i g a t e  r e f r i g e r a t i o n  systems w i t h  CFMF hardware a t tached  t o  t h e  space 
s t  a t  i on. 

The l i q u i d  i s  t h r o t t l e d  t o  a lower  pressure and 

Heat can a l s o  be 

I f  t h e  system i s  w e l l  opt imized,  

I t  may be p o s s i b l e  t o  

C. FLUID TRANSFER/RESUPPLY 

Planned NASA and DOD miss ions w i l l  r e q u i r e  r e s u p p l y  o f  cryogen s to rage  
tanks i n  space. Low-g e f f e c t s  and t h e  i n a b i l i t y  t o  r e a d i l y  ven t  r e c e i v e r  
tanks p resen t  new problems, and space exper iments are r e q u i r e d  t o  p r o v i d e  d a t a  
needed f o r  des ign o f  such systems. Supply tank requi rements f o r  p r o p e l l a n t  
t r a n s f e r  are s i m i l a r  t o  those f o r  o the r  low-g f l u i d  supply  systems, such as 
a t t i t u d e  c o n t r o l  systems, except t h a t  tank s i z e  and d e l i v e r y  r a t e s  w i l l  be 
much g rea te r .  
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Trans fe r  L i n e  Chi l ldown - Chi l ldown of t r a n s f e r  l i n e s  f o r  t r a n s f e r  of 
cryogens i s  a w e l l  e s t a b l i s h e d  procedure f o r  ground systems. However, t h e  
e f f e c t  o f  low-g on heat  t r a n s f e r  r a t e s  and two phase f l u i d  f l o w  c o u l d  
s i g n i f i c a n t l y  change t h e  n a t u r e  of l i n e  c h i l l d o w n .  I n  l o n g  one-g t r a n s f e r  
l i n e s ,  se r ious  p ressu re  s u r g i n g  can occur. 
w i l l  p robab ly  be much s h o r t e r  and t h e  thermal  environment may a l s o  be more 
favo rab le .  A comp l i ca t i on ,  however, i s  t h a t  t h e  t r a n s f e r  l i n e  w i l l  be p a r t  of 
two veh ic les ,  and d i sconnec t  f i t t i n g s  w i l l  be r e q u i r e d  t o  mate them. The 
d isconnects  are l i k e l y  t o  be f a i r l y  massive, may be mounted w i t h  s t r o n g  
thermal  coup l i ng  t o  t h e  v e h i c l e  s t r u c t u r e ,  and thus  w i l l  s i g n i f i c a n t l y  a f f e c t  
t h e  t r a n s f e r  l i n e  c h i l l d o w n  process. 

Receiver  Tank Ch i l l down  - F o r  tanks t h a t  a re  i n i t i a l l y  empty and warm, i t  
i s  necessary t o  remove a s u b s t a n t i a l  p a r t  o f  t h e  hea t  s t o r e d  i n  t h e  tank  w a l l  
be fo re  f i l l  can proceed. A charge-hold-vent procedure i s  recommended by most 
i n v e s t i g a t o r s  t o  accomplish tank  c h i l l d o w n .  The tank  i s  i n i t i a l l y  evacuated 
by v e n t i n g  t o  space. A charge of l i q u i d  cryogen i s  admi t ted  t o  t h e  tank  and 
t h e  i n l e t  and ven t  va lves a r e  k e p t  c losed  f o r  a h o l d  pe r iod .  The tank  i s  t h e n  
vented and the  process i s  repeated as many t imes  as necessary. For  a t  l e a s t  
t h e  i n i t i a l  charge, t h e  l i q u i d  w i l l  s p a t t e r  about t h e  tank, much l i k e  drops of 
water i n  a ho t  s k i l l e t .  I n  t h e  absence o f  g r a v i t y ,  however, t h e  drops w i l l  
tend t o  be p r o p e l l e d  th roughou t  t h e  tank r a t h e r  t h a n  c o l l e c t i n g  i n  t h e  bot tom 
o f  t h e  tank. Heat t r a n s f e r  w i l l  a l s o  occur between vapor and b o t h  t h e  tank  
w a l l  and t h e  l i q u i d .  

dependent on these t h r e e  modes o f  hea t  t r a n s f e r ,  which a r e  a l l  g r a v i t y  
s e n s i t i v e .  They are a l s o  expected t o  be dependent on t h e  manner o f  i n j e c t i o n  
o f  l i q u i d  i n t o  t h e  tank  and on tank s i ze .  The q u a n t i t y  o f  cryogen t h a t  must 
be d e l i v e r e d  t o  o r b i t  t o  p r o v i d e  f o r  tank c h i l l d o w n  c o u l d  range f rom l i t t l e  o r  
n o t h i n g  f o r  l a r g e  tanks  t o  5-10 pe rcen t  f o r  smal l  tanks.  The r e c e i v e r  tank  
thermal  c o n d i t i o n  f o l l o w i n g  c h i l l d o w n  e s t a b l i s h e s  t h e  s t a r t i n g  p o i n t  f o r  t h e  
no-vent f i l l  process, and t h u s  an impor tan t  goal  f o r  t h e  CFMF shou ld  be t o  
e s t a b l i s h  procedures, r a t e s  and q u a n t i t i e s  o f  cryogen r e q u i r e d  f o r  c h i l l d o w n .  

Receiver  Tank No-Vent F i l l  - I t  i s  d e s i r a b l e  t o  accompl ish r e s u p p l y  o f  
c ryogen ic  tanks i n  space w i t h o u t  v e n t i n g  as t h e  t r a n s f e r  proceeds, s i n c e  
e s t a b l i s h i n g  an a c c e l e r a t i o n  environment t o  s e t t l e  l i q u i d  and c l e a r  t h e  tank  
vent p o r t  may s i g n i f i c a n t l y  impact m i s s i o n  plans. So l ong  as t h e  r e c e i v e r  
tank i s  f r e e  of non-condensible p r e s s u r a n t  gas, f i l l  can be accomplished 
w i t h o u t  vent ing.  L i q u i d  t r a n s f e r  i n t o  t h e  tank  can be accommodated w i t h  o n l y  
moderate pressure i n c r e a s e  and vapor compression. F o r  t h e  most p a r t ,  vapor i s  
condensed by t r a n s f e r  o f  heat  t o  t h e  l i q u i d .  
e x t e r n a l  h e a t i n g  and p r o v i d i n g  f o r  adequate c o n t a c t  between l i q u i d  and vapor. 

Ana lys i s  and ground t e s t  r e s u l t s  show t h a t  t h e  r e q u i r e d  hea t  t r a n s f e r  
between l i q u i d  and vapor can be r e a d i l y  accomplished so  l o n g  as t h e  vapor 
volume i s  a s i g n i f i c a n t  f r a c t i o n  of t h e  t o t a l  t ank  volume, say o n e - f o u r t h  o r  
more. B u t  as t h e  tank approaches t h e  d e s i r e d  f i l l  l e v e l  of 95 pe rcen t  o r  
more, vapor condensation, and consequent ly  f i l l  r a t e ,  becomes s e v e r e l y  l i m i t e d  
by t h e  decreas ing i n t e r f a c i a l  area between l i q u i d  and vapor. The no-vent f i l l  
process wi.11 depend on use of nozz les t o  i nc rease  forc-ed c o n v e c t i v e  heat  
t r a n s f e r ,  and low-g behavior  of t h e  a g i t a t e d  f l u i d  w i l l  be impor tan t .  
Development o f  approaches f o r  no-vent f i l l  and c h a r a c t e r i z a t i o n  o f  t h e  low-g 
e f f e c t s  a re  h i g h  p r i o r i t y  o b j e c t i v e s  f o r  CFMF. 

F o r  space t r a n s f e r ,  l i n e  l e n g t h s  

The t i m e  and q u a n t i t y  o f  f l u i d  r e q u i r e d  t o  c h i l l  a r e c e i v e r  tank are 

Th is  process r e q u i r e s  l i m i t i n g  
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D. CRYOGENIC FLUID MANAGEMENT PRIORITY ASSESSMENT 

Once t h e  CFM technology requirements were def ined, t h e y  were p r i e r i t i z e d  
based upon t h e i r  p e r t i n e n c e  t o  s p e c i f i c  a p p l i c a t i o n s .  
t h e  whole range o f  requirements i nc luded  space-stat ion,  space-based lase r ,  
s c i e n t i f i c  i ns t rumen t  o r  f a c i l i t y  c r y 0  storage, S h u t t l e  enhancements, A f t  
Cargo C a r r i e r  - E x t e r n a l  Tank scavenging, r e s u p p l y  tankers,  space-based OTV 
( A e r o a s s i s t ) ,  ground-based OTV (Ae roass i s t )  and o r b i t  maneuvering v e h i c l e s .  

Those r e p r e s e n t a t i v e  of 

The ca tegor ies  f o r  p r i o r i t y  assessment were : 

Cat ego r y  

1 
2 

3 

D e s c r i p t i o n  

I tem must be addressed - enab l i ng  technology. 
Technology must be addressed f o r  e f f i c i e n t  
design (min weight,  min losses, wax 
Performance, e tc . )  
Technology which p r o v i d e s  i n t e r m e d i a t e  
performance gains.  

The r e s u l t i n g  p r i o r i t y  assessments f o r  each o f  t h e  CFM systems, i n c l u d i n g  some 
o f  t h e  s p e c i f i c  technology issues f o r  each group, a re  presented i n  Tables 11-1 
th rough  11-3. Technologies t h a t  had been i d e n t i f i e d  p r e v i o u s l y  by  t h e  NASA 
Cryo F l u i d  Management R & T Ad HOC Planning Committee a re  a p p r o p r i a t e l y  
i n d i c a t e d .  

S ince space s t a t i o n  and space-based OTV rep resen t  a p p l i c a t i o n s  w i t h  
near- term design i m p l i c a t i o n s  t h a t  m igh t  b e n e f i t  f r o m  t h e  CFMF o r b i t a l  t e s t  
data, i t  was decided t o  focus t h e  s p h e r i c a l  supp ly  tank  w i t h  t o t a l  
communication dev i ce  toward t h e  as-yet  u n s p e c i f i e d  space s t a t i o n  requirements,  
and t h e  r e c e i v e r  tanks toward t h e  space-based OTV. The Boeing space-based OTV 
w i t h  A e r o a s s i s t  (NASA CR-3535) was s e l e c t e d  f o r  r e c e i v e r  tank  s c a l i n g .  
OTV c o n f i g u r a t i o n  i s  shown i n  F igure 11-2, and t h e  l i q u i d  hydrogen tank 
c h a r a c t e r i s t i c s  a re  t a b u l a t e d  i n  Table 11-4. 

A rev iew  o f  t h e  CFM systems, technologies,  a p p l i c a t i o n s ,  requi rements and 
c u r r e n t  s ta tus ,  r e s u l t e d  i n  t h e  recommendations f o r  CFMF s tudy  l i s t e d  i n  Tab le  
11-5. A d d i t i o n a l  recommended technology i tems t o  those p r e v i o u s l y  d e f i n e d  f o r  
t h e  CFMF are l i s t e d ,  as w e l l  as those newly i d e n t i f i e d  technology i tems n o t  
recommended f o r  i n c o r p o r a t i o n  w i t h i n  t h e  t h r e e - f l i g h t  p lan. This  l a t t e r  
ca tegory  rep resen ts  p o s s i b l e  technologies f o r  a d d i t i o n a l  7-day CFMF miss ions  
or  an extended m iss ion  at tached t o  t h e  space s t a t i o n  o r  an unmanned 
exper imenta l  p l a t f o r m .  

p resen ts  t h e  most d i f f i c u l t  o f  t h e  c ryogen ic  f l u i d s  t o  s t o r e  and t r a n s f e r ,  due 
t o  i t s  much lower  su r face  t e n s i o n  ( w i t h  t h e  excep t ion  o f  l i q u i d  hel ium, which 
has an o r d e r  o f  magnitude lower surface t e n s i o n  t h a n  hydrogen and has s p e c i a l  
hand1 i n g  problems because o f  i t s  many d i f f e r e n t  p h y s i c a l  s t a t e s ) .  
low-g storage, r e s u p p l y  and thermal  management da ta  f o r  hydrogen w i l l  
t h e r e f o r e  have general  a p p l i c a b i l i t y  t o  o t h e r  c ryogen ic  f l u i d s  w i t h  t h e  
excep t ion  o f  l i q u i d  hel ium. 

The 

The use o f  l i q u i d  hydrogen as the t e s t  f l u i d  i s  p r e f e r r e d  because i t  

Obta in ing  
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Table 11-1 Liquid Storage/SuppZy Fluid Management Sgstems, 
Technology Issues and P r i o r i t y  Assessment 

Priority Assessment . . 0 Fluid Management Systems 
Acqui s i  ti on/Expul si on Systems 
Direct Outflow with Settling 0 2 
Total Comnunication Device 0 1 
Partial Communication Device 0 2 

Ambient He1 i um 0 2 
Cryo-cool ed He1 ium 0 3 
Autogenous 0 1 

Slosh Control Systems 2 

Press ur i z a t i on Sys terns 

- - - - -__ - - - - - - - - - - - -_ - -_ - - - - - - - - - - - - - - -  
. 0 Additional Technology Issues 

Start Transients 0 2 
Outage/Pull through 0 3 
Mass Gag i n g/ I ns trumen t at i on 1 0 
Non-conventional Tankage 2 

---I-__---_____----------_------------- 

. 0 Identified previously by NASA Cry0 Fluid Management 
R&T Ad Hoc Planning Cornittee 

Table 11-2 Themc l  Control S,jstems, TecF,ncZo$$ 
Issues and P r i o r i t y  Assessment 

Priority Assessment . . 0 Thermal Protection Systems 

. o  

Vacuum Jacket/Insui ation (Dewar) 0 
Purged - MLI 0 
F o ~  - MLI 

Thermal Management Systems 
Thermodynami c Vent Systems 

- Internal Heat Exchanger 0 - External Heat Exchanger 
(including vapor-cooled shield) o 

- Coupled Heat Exchanger 
(vent free storage) 

- Para-to-ortho conversion 
Direct Tank Venting with Settling 
Refrigeration Systems 

3 
2 
2 

1 

1 
2 

2 
3 
2 

- - - - - - -__ - - - - -____- - - - - - - - - - - - - - - - - -  
Additional Technology Issues 

Insulation Reusability (Non-Dewar) 0 2 
Insulation Degradation (with time) 1 
SupportsILi nes/Penetrati on Heat Leaks 3 
Thermal Acoustic Oscillations 0 3 
Convection Control 0 3 
Thermal Conditioning Outflow 1 

- - - - - - - - - - - - - - _ - _ _ _ _ - - - - - - - - - - - - - - - - - - -  
. 0 Identified previously by NASA Cry0 Fluid Management 

R&T Ad Hoc Planning Cornittee 
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,“ab l e  II-3 

. 0 Receiver Tank a 

F l u i d  Trcnsfer/Resupply Technologies and P r i o r i t y  Assessment -- Priority Assessment . 
. .  Empty 

Chi 1 1  down 
Acquisition Device Fill 

Wo-vent Fill 
Partially Full 
Venting Non-Condensihles 
No-vent Fill 
Vented Fill 

Chi 1 1  down 
Quick Disconnect 

Vapor Coll apse 
Purge, Non-Condensibles 

. 0 Transfer Line 

0 
0 
0 

0 

1 
1 
2 

1 
1 

. 0 Additional Technology Issues 
Mass Gaging 0 
Mass/Qual i ty Metering 0 

Long Term Effects 
Repeated Cycling Degradation 
Contamination 

Pump vs. Pressurized Transfer 

. 0 Identified previously by NASA Cry0 Fluid Management 
R&T Ad Hoc Planning Connittee 

14.17 t I 
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Table II-4 Spaced Based OTV - LH2 Tank Characteris tks  - . -- - 
o Tank Configuration: I 

Geometry 
Volume 
Diameter 

’ Cy1 i n d r  ‘cal with El 1 i p t  i cal Domes 
71.58 m j  (2528 f t 3 )  
4.28 rn 114.08 f t l  

Total Lenath 
,- . -  - -  . 

5.97 m (19.57 fti 
Surf ace -AFea 86141 m 2  (930-f t2)’  
Thickness 0.065 cm (0.025 in )  
Mater i a1 

e Tank Weights: 

2219-T87 A I  umi num 
-~ . - . - -  - _  - -  

Dry Tank 354 kg (780 lbm) 
Loaded Fluid ( L H 2 )  4658 kg (10250 lbrn) 

- - . . - - - _. __ __ 1 

.. 

-- 

Tab l e  II-5 Technologd Recommendat5ons f o r  CFMF 
I __-_-___ - - - -. 

I 8 Additional recommended technology items for  CFMF ( t o  those 
previously defined in NASA CR-165495 and NASA CR-165279) 

I 

- Autogenous pressurization/supply t a n k  - Foam-MLI on receiver t a n k  
- Transfer l i ne  thermally-simulated disconnect 

i 

I” 
! 

I 

I 

i 

i I 

_- _- --- 
o Technologies n o t  recommended fo r  incorporation i n t o  CFMF. i 

I 

Coupled TVS* 
Ref r i ger a t  i on systems* 
Slosh control (needs fur ther  assessment) 
Unconventional tankage I 

Liquid helium f lu id  management in low-g 

Detachable supports* 

! 
I 
I 

Long term storage e f fec ts  (e.g. insulation degradation)* 
Para-to-ortho conversion* (needs fur ther  assessment) 

I 

* Possible technologies f o r  investigation on an extended (6-month)  
CFMF experiment where the f a c i l i t y  i s  removed from the cargo bay 
and  attached t o  the space s ta t ion  or an unmanned experimental i I platform. A 

__-_I_ 
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I 11. FLU1 D AND THERMAL ANALYSIS 

The c ryogen ic  f l u i a  management systems, techno log ies  and t e c h n i c a l  
i s s u e s  t h a t  were i d e n t i f i e d  i n  Chapter I 1  as requi rements f o r  f u t u r e  NASA and 
DOD space miss ions were analyzed and evaluated t o  suppor t  t h e  CFMF concept 
d e f i n i t i o n .  Each f l u i d  management system was eva lua ted  t o  i d e n t i f y  t h e  
u n d e r l y i n g  p r i n c i p l e s  and t o  determine whether o r b i t a l  d a t a  i s  r e q u i r e d  t o  
develop a n a l y t i c a l  models f o r  f u t u r e  system designs. S c a l i n g  r e l a t i o n s h i p s  
were examined t o  assess t h e  a p p l i c a b i l i t y  o f  t h e  CFMF as a t e s t  bed f o r  
o b t a i n i n g  r e q u i r e d  d a t a  f o r  t h e  f l u i d  management systems. Ana lys i s  and 
model ing o f  t h e  systems determined exper iment requirements,  exper iment s i z e  
c o n s t r a i n t s ,  parameters o f  i n t e r e s t  and i n s t r u m e n t a t i o n  needs. These r e s u l t s ,  
a long w i t h  t h e  i d e n t i f i e d  technology i ssues  and requirements,  were used t o  
e s t a b l i s h  CFMF o b j e c t i v e s  and recommended c o n f i g u r a t i o n s  and t i m e l i n e s  f o r  a 
t h r e e  m i s s i o n  exper imenta l  program. 

A. SCALING ANALYSIS AND MODELING APPROACH 

S c a l i n g  analyses were performed f o r  t h e  va r ious  f l u i d  management 
systems t o  p r o v i d e  guidance i n  s i z i n g  t h e  CFMF and t o  h e l p  assess t h e  adequacy 
o f  model ing and a n a l y s i s  approaches. The s c a l i n g  a n a l y s i s  i n v o l v e d  examining 
t h e  dimensionless parameters, such as Reynolds number, Bond number, Grashof f  
number, etc., t h a t  a re  impor tan t  t o  t h e  va r ious  f l u i d  management systems be ing  
i n v e s t i g a t e d .  Equations, b a s i c  p r i i i c i p l s s  ai;d available d a t a  t h a t  app ly  t e  
t h e  i n d i v i d u a l  systems were a l s o  determined. These r e l a t i o n s h i p s  and d a t a  
were eva lua ted  t o  determine how t e s t  d a t a  can be r e l a t e d  t o  t h e  des ign o f  t h e  
f u l l  s c a l e  model, t o  assess t h e  v a l i d i t y  o f  t h e  data, and t o  determine t h e  
c r i t e r i a  t h a t  must be observed i n  design o f  t h e  s c a l e  model exper iments t o  
assure t h a t  t h e  r e s u l t i n g  t e s t  da ta  can be c o r r e c t l y  eva lua ted  and a p p l i e d  t o  
f u t u r e  spacec ra f t  cryogenic  systems. 

Many, i f  n o t  a l l ,  impor tan t  processes can be c h a r a c t e r i z e d  i n  terms 
o f  d imensionless parameters and r e l a t i o n s h i p s .  Where t h e  process o r  
phenomenon can be i s o l a t e d  f rom i n t e r a c t i o n  w i t h  o t h e r  processes, d a t a  can 
u s u a l l y  be ob ta ined  f r o m  experiments i n  which these  d imensionless parameters 
and r e l a t i o n s h i p s  can be d i r e c t l y  determined. When a l l  o f  t h e  dimensionless 
groups t h a t  a re  impor tan t  t o  t h e  phenomenon can be k e p t  c o n s t a n t  between t h e  
exper iment and t h e  p r o t o t y p e  f o r  which t h e  da ta  i s  t o  be used, then t h e  
r e s u l t s  can be a p p l i e d  d i r e c t l y .  Genera l ly ,  geometr ic r e l a t i o n s h i p s ,  which 
a re  dimensionless r a t i o s  o f  dimensions, are h e l d  cons tan t  f o r  exper iments t h a t  
are designed t o  c h a r a c t e r i z e  a p a r t i c u l a r  system design. 
dimensions such as l e n g t h  o r  diameter e n t e r  i n t o  t h e  o t h e r  impor tan t  
d imension less groups, t h e n  t h e  a b i l i t y  t o  conduct exper iments w i t h  reduced 
s c a l e  models i s  l i m i t e d .  I n  some cases, o t h e r  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  
experiment, such as f l u i d  p r o p e r t i e s ,  can be v a r i e d  t o  compensate f o r  t h e  
reduced dimension. Where seve ra l  o f  t h e  impor tan t  groups have d i f f e r e n t  
dependencies on t h e  model dimension, i t  may be imposs ib le  t o  v a r y  o t h e r  
parameters so as t o  p rese rve  t h e  value o f  a l l  o f  these groups between t h e  
p r o t o t y p e  and t h e  reduced sca le  model. 
t h a t  r e s u l t  f rom combining more than one process o r  phenomena i n  t h e  same 
experiment, t he reby  i n c r e a s i n g  t h e  number o f  d imensionless groups t h a t  need t o  
be c o n t r o l l e d .  

When 1 i n e a r  

There may a l s o  be i n c o m p a t i b i l i t i e s  
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Some phenomena have s p e c i f i c  regimes o f  behavior .  F l u i d  f l o w  a n d .  - 

I t  has c o n v e c t i v e  heat t r a n s f e r  have d i s t i n c t  l am ina r  and t u r b u l e n t  regimes. 
been w e l l  e s t a b l i s h e d  t h a t  t h e  f l u i d  f l ow  regime i s  c h a r a c t e r i z e d  by t h e  v a l u e  
of t h e  Reynolds number, when p r o p e r l y  d e f i n e d  f o r  t h e  t y p e  o f  s i t u a t i o n .  
Convect ive heat t r a n s f e r  i s  s i m i l a r l y  c h a r a c t e r i z e d  as b e i n g  i n  t h e  l am ina r  o r  
t u r b u l e n t  regime by t h e  va lue  o f - t h e  Reynolds number o r  t h e  Grasho f f  number 
f o r  f o r c e d  and f r e e  convect ion,  r e s p e c t i v e l y .  It i s  u s u a l l y  p o s s i b l e  t o  
e x t r a p o l a t e  t e s t  d a t a  f o r  which t h e  va lues o f  t h e  d imensionless groups o f  
importance are d i f f e r e n t  between t e s t  model and p r o t o t y p e  on t h e  b a s i s  of 
known performance o f  s i m i l a r  systems. However, i t  i s  necessary t h a t  t h e  
behavior  regimes f o r  t h e  v a r i o u s  processes be t h e  same between t h e  two f o r  t h e  
t e s t  da ta  t o  have any v a l i d i t y .  F i g u r e  111-1 i l l u s t r a t e s  t h a t  t h e  Reynolds 
number can be .ma in ta ined  i n  t h e  t u r b u l e n t  regime f o r  m i x i n g  o r  f o r c e d  
convec t i on  w i t h i n  a tank over  a wide range o f  model t ank  s i zes .  

d a t a  i s  t h e  use o f  a p p r o p r i a t e  model ing techniques. 
theory,  s imu l taneous ly  s o l v e  a l l  o f  t h e  s i g n i f i c a n t  equa t ions  t h a t  d e s c r i b e  
t h e  behav io r  o f  a system. I n  p r a c t i c e ,  i t  i s  some o f  these equa t ions  t h a t  a re  
be ing  determined by t h e  experiment. However, by i n c o r p o r a t i n g  t h e  known 
equat ions and t h e  b e s t  a v a i l a b l e  e s t i m a t e  o f  t h e  unknown r e l a t i o n s h i p s ,  a 
model can be used t o  p r e d i c t  t h e  r e s u l t s  o f  t h e  exper iments.  By comparison o f  
p r e d i c t i o n s  aga ins t  r e s u l t s ,  t h e  d i sc repanc ies  can be i d e n t i f i e d  and t h e  
presumed r e l a t i o n s h i p s  can be m o d i f i e d  t o  improve t h e  c o r r e l a t i o n s .  
s u f f i c i e n t  q u a n t i t y  and v a r i e t y  o f  t e s t  d a t a  has been s a t i s f a c t o r i l y  
c o r r e l a t e d ,  t h e  model can p r e d i c t  performance f o r  o t h e r  systems and can be 

A means f o r  overcoming t h e  l i m i t a t i o n s  o f  d i r e c t  a p p l i c a t i o n  o f  t h e  t e s t  
Mathematical  models, i n  

When a 

I Turbulent I I 

0 5 10 15 20 
Tank Diameter (ft)  

1 2 3 4 5 
Tank Diameter (m) 
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used i n  des ign of t h e  p r o t o t y p e  systems. 
Cryogenic Systems Ana lys i s  Model (CSAM) i s  be ing  used i n  t h e  CFMF program i n  
t h i s  manner. Th is  comprehensive computer code i s  u s e f u l  i n  model ing many of 
t h e  f l u i d  management systems being i nves t i ga ted ,  i n c l u d i n g  r e c e i v e r  tank 
c h i l l d o w n  and no-vent f i l l  d u r i n g  f l u i d  t r a n s f e r ,  t r a n s f e r  l i n e  c h i l l d o w n ,  
p r e s s u r i z a t i o n  system performance, d i r e c t  v e n t i n g  and low-g v e n t i n g  us ing  t h e  
thermodynamic ven t  system f o r  longer te rm storage. 
and t h e  thermodynamics o f  t h e  f l u i d s ,  and i n c o r p o r a t e s  an e x t e n s i v e  d a t a  base 
o f  p r o p e r t i e s  of a number o f  cryogenic  f l u i d s .  
s i m u l a t i n g  a v a r i e t y  o f  m iss ion  event sequences t h a t  can be s p e c i f i e d  as i n p u t  
data.  

The M a r t i n  M a r i e t t a  developed 

I t  models hea t  t r a n s f e r  

CSAM a l s o  i s  capable of 

B. ANALYSIS OF FLUID MANAGEMENT SYSTEMS 

Presented he re  a re  t h e  analyses which were performed f o r  t h e  major  f l u i d  
management systems t o  determine expected performance, t o  e v a l u a t e  t h e  need f o r  
o r b i t a l  d a t a  and t o  suppor t  t h e  conceptual  des ign o f  t h e  f l u i d  management 
f a c i l i t y .  The scope of t h e  analyses i n c l u d e d  rev iews o f  p rev ious  work, manual 
c a l c u l a t i o n s ,  and model ing and s i m u l a t i o n  u s i n g  t h e  C U M  program and o t h e r  
computer models, as app rop r ia te .  A complete f l u i d  and thermal  a n a l y s i s  r e p o r t  
c o v e r i n g  a n a l y s i s  o f  a l l  unique f l u i d  management systems w i l l  be p u b l i s h e d  
f o l l o w i n g  complet ion o f  t h e  d e t a i l e d  design. Some o f  t h e  p e r t i n e n t  
observat ions,  conc lus ions  and recomnendations a re  d iscussed below. 

space f o r  r e s u p p l y  o r  f o r  i n i t i a l  t a n k i n g  o f  t anks  boosted t o  space empty w i l l  
be one o f  t h e  c r i t i c a l  areas f o r  which technology must be developed. When t h e  
tank t o  which t h e  cryogen i s  t r a n s f e r r e d  i s  i n i t i a l l y  empty and warm, t h e  
f i r s t  s t e p  i n  t h e  process w i l l  be t o  c o o l  t h a t  t ank  down t o  an acceptable 
temperature f o r  t h e  t r a n s f e r  t o  begin. A w i d e l y  accepted concept f o r  r e c e i v e r  
tank  c h i l l d o w n  i s  t h e  charge-hold-vent approach. A q u a n t i t y  o f  l i q u i d  cryogen 
i s  admi t ted  t o  t h e  warm tank  t h a t  i s  i n i t i a l l y  evacuated. This  charge i s  h e l d  
i n  t h e  tank f o r  a s u f f i c i e n t  t i m e  f o r  t r a n s f e r  o f  heat  f r o m  t h e  tank t o  t h e  
f l u i d .  The l i q u i d  i s  vapor ized and t h e  warm vapor i s  vented t o  space. 
process may be repeated as necessary, depending on t h e  i n i t i a l  temperature and 
mass o f  t h e  tank. 

no-vent f i l l  process t h a t  i s  t o  f o l l o w .  I f  t h e  t r a n s f e r  i s  s t a r t e d  w i t h  t h e  
r e c e i v e r  tank  a t  t o o  h i g h  a temperature, t h e  f i n a l  pressure w i l l  be 
excessive.  The f i n a l  temperature o f  t h e  t r a n s f e r r e d  l i q u i d  w i l l  a l s o  be 
increased, and t h i s  w i l l  r e s u l t  i n  a lower  d e n s i t y  and a r e d u c t i o n  i n  t h e  
q u a n t i t y  of l i q u i d  t r a n s f e r r e d .  F igures 111-2 and 111-3 show t h e  r e l a t i o n  o f  
t ank  temperature and mass-to-volume r a t i o  on t h e  f i n a l  c o n d i t i o n s  a t  t h e  end 
o f  t r a n s f e r .  
mass-to volume r a t i o ,  s i n c e  i t  i s  the  tank mass t h a t  s t o r e s  t h e  excess heat.  
Fo r  v e r y  l i g h t w e i g h t  s p a c e c r a f t  tanks, l i t t l e  i f  any c h i l l d o w n  may be 
r e q u i r e d .  For  smal l  s c a l e  exper imenta l  tanks, t h e r e  a re  problems i n  ach iev ing  
such low r a t i o s  o f  tank mass t o  volume. 
m a t e r i a l  f o r  manufactur ing,  b u t  more i m p o r t a n t l y ,  h i g h e r  s a f e t y  f a c t o r s  and 
o t h e r  conservat isms a re  necessary t o  avo id  p r o h i b i t i v e  cos ts .  
i t  i s  es t ima ted  t h a t  t h e  tank mass-to-volume r a t i o  w i l l  range f rom 24.0 t o  
37.3 kg/m3 (1.7 t o  2.33 lb, pe r  c u - f t ) ,  and c h i l l d o w n  t o  a temperature o f  
55.6"K (100"R) o r  l e s s  w i l l  be requi red.  

Receiver  Tank Ch i l l down  T rans fe r  o f  cryogens f rom one tank  t o  another i n  

This  

The temperature t o  which t h e  tank must be c h i l l e d  i s  dependent on t h e  

The r e q u i r e d  c h i l l d o w n  temperature i s  a f u n c t i o n  o f  t h e  tank 

These i n c l u d e  minimum gages of 

F o r  t h e  CFMF, 
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F i g u r e  111-4 shows CSAM r e s u l t s  of a 
f u l l - s c a l e ,  a 0.5, 0.2 and 0.1-scale Boe 
tank. The w a l l  t h i ckness  was va r ied  f o r  

prechi.11 charge/ho ld  s i m u l a t i o n  f o r  a 
ng Space-Based OTV 1 i q u i  d hydrogen 
these tanks  t o  hold t h e  

mass-to-volume r a t i o  equal t o  5.0 kg/m3 (0.31 l bm/cu - f t ) ,  t h a t  p r e d i c t e d  
f o r  t h e  f u l l  sca le  OTV. The r a t i o  o f  mass o f  t h e  l i q u i d  hydrogen charge t o  
t h e  tank  volume was a l s o  h e l d  constant  a t  0.8 kg/m3 (0.05 lbm pe r  c u - f t ) .  
The i n i t i a l  tank w a l l  temperature was 278'K (500'R) and t h e  l i q u i d  hydrogen 
charge was s a t u r a t e d  a t  138 kN/m2 (20 p s i a ) .  The tanks  were a l l  assumed t o  
have 23 l a y e r s  o f  MLI. The smal le r  tank  reaches a minimum temperature much 
sooner than t h e  l a r g e r  tank  as a r e s u l t  o f  expected d i f f e r e n c e s  i n  heat  
t r a n s f e r  and t h e  f a c t  t h a t  t h e  r a t i o  o f  tank  area-to-mass i s  g r e a t e r  f o r  t h e  
sma l le r  tank. 
t h a t  t h e  sma l le r  tank  begins t o  warm a f t e r  reach ing  i t s  minimum temperature. 

i n a b i l i t y  t o  m a i n t a i n  t h e  same value f o r  t h e  d imensionless groups o r  
parameters between t h e  experiment and f u l l  s i z e  tanks. I n  p a r t i c u l a r ,  t h e  
tank  mass-to-volume r a t i o  has been i d e n t i f i e d  as one o f  t h e  impor tan t  
parameters f o r  t h i s  process. F igure  111-4 shows t h a t  even when t h i s  r a t i o  i s  
h e l d  constant ,  t h e r e  i s  a s i g n i f i c a n t  v a r i a t i o n  i n  c h i l l d o w n  c h a r a c t e r i s t i c s  
f o r  d i f f e r e n t  tank  s izes .  
o r d e r  o f  magnitude between t h e  expected experiment s i z e  and t h e  i d e n t i f i e d  
p r o t o t y p e  veh ic le .  However, account ing f o r  t h e  d i f f e r e n t  tank  heat  c a p a c i t i e s  
i s  r e l a t i v e l y  s t r a i g h t f o r w a r d ,  and t h e  more impor tan t  i n f o r m a t i o n  t o  be gained 
from t h e  CFMF tank  c h i l l d o w n  experiment i s  t h e  c h a r a c t e r i z a t i o n  o f  t h e  neat  
t r a n s f e r  processes. 

The e f f e c t  o f  heat  t r a n s f e r  d u r i n g  t h e  process can be no ted  i n  

The r e c e i v e r  tank  c h i l l d o w n  experiment i s  an example o f  t h e  d i f f i c u l t y  o r  

For  t h e  CFMF, t h i s  parameter v a r i e s  by  n e a r l y  an 
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I 

Heat t r a n s f e r  w i l l  occur by t h r e e  major  modes. I n i t i a l l y ,  t h e  l i q u i d  w i l l  
p a r t i a l l y  vapor ize as i t  comes i n t o  e q u i l i b r i u m  w i t h  t h e  reduced p ressu re  i n  
t h e  tank. The remain ing l i q u i d  w i l l  t e n d  t o  break i n t o  drops and t o  s p a t t e r  
a g a i n s t  t h e  ho t  tank w a l l ,  be ing  r e p e l l e d  by  t h e  v a p o r i z a t i o n  t h a t  occurs 
d u r i n g  t h e  b r i e f  p e r i o d  of con tac t .  
f l a s h i n g  of t h e  l i q u i d  and by subsequent v a p o r i z a t i o n  w i l l  exchange hea t  w i t h  
t h e  w a l l  by f r e e  o r  forced convec t i on  o r  by  conduct ion.  F i n a l l y ,  t h e  drops o f  
l i q u i d  moving th rough  t h e  tank  w i l l  absorb hea t  f r o m  t h e  vapor and w i l l  t e n d  
t o  vapor i ze  as a r e s u l t .  These heat  t r a n s f e r  processes w i l l  be governed by  
t h e  f l u i d  p r o p e r t i e s ,  t h e  tank w a l l  and f l u i d  temperatures and t h e  tank  s i z e .  
I t  i s  p o s s i b l e  by p roper  model ing t o  account f o r  t h e  d i sc repancy  i n  tank  
mass-to-volume r a t i o  t o  a much g r e a t e r  e x t e n t  t h a n  i t  i s  t o  determine t h e  hea t  
t r a n s f e r  c h a r a c t e r i s t i c s  by ground t e s t i n g  o r  e v a l u a t i o n  o f  a v a i l a b l e  data. 

Because tank s i z e  i s  expected t o  be an i m p o r t a n t  ' v a r i a b l e ,  i t  i s  
recommended t h a t  two tank s i z e s  be used i n  i n v e s t i g a t i n g  tank  c h i l l d o w n .  The 

r e a t e r  mass-to-volume r a t i o  expected f o r  t h e  exper iment  tanks  p r o v i d e s  two 
{ene f i t s .  I n  theory,  l e s s  q u a n t i t y  o f  cryogen w i l l  be r e q u i r e d  i f  m u l t i p l e  
charge c y c l e s  a re  employed. This  i s  i l l u s t r a t e d  i n  F i g u r e  111-5 and 111-6. 
If a s m a l l e r  q u a n t i t y  o f  l i q u i d  i s  admit ted,  t h e  tank  temperature r e d u c t i o n  
w i l l  be l e s s  on t h e  f i r s t  c y c l e ,  and t h e  vapor t h a t  i s  vented a t  t h e  end of 
t h e  c y c l e  w i l l  be a t  a h i g h e r  temperature.  I t  w i l l  t h e r e f o r e  have gained more 
heat .  Subsequent c y c l e s  w i l l  s i m i l a r l y  d i scha rge  warmer vapor, except  f o r  t h e  
l a s t  cyc le .  
r e q u i r e d  f i n a l  tank temperature, and i t  t h e r e f o r e  w i l l  n o t  have gained as much 
h e a t  as i n  the m u l t i p l e  charge case. 
r a t i o ,  i t  i s  necessary, as w e l l  as d e s i r a b l e ,  t o  perform m u l t i p l e  charge 
cyc les .  The second advantage comes f rom t h e  f a c t  t h a t  t h e  m u l t i p l e  charge 
c y c l e  experiment w i l l  e v a l u a t e  hea t  t r a n s f e r  repea ted ly ;  each c y c l e  w i t h  a 
d i f f e r e n t  tank w a l l  temperature.  This  w i l l  p r o v i d e  more hea t  t r a n s f e r  d a t a  
and t h e  d a t a  w i l l  be more r e a d i l y  i n t e r p r e t e d  s i n c e  t h e  tank w a l l  temperature 

The vapor generated by  t h e  i n i t i a l  

For  a s i n g l e  charge c y c l e ,  t h e  vapor must be vented a t  below t h e  

For  t h e  g r e a t e r  t ank  mass-to-volume 

vary l ess  d u r i n g  each cycle: 

c) 

Fluid Temp. 

L Fluid Inlet Temp. 

Cycle 1 

Fluid I 
Temp.-Typ -- -- 

Fluid Inlet Temp-Typ 

Time 
* 

-?C,-ure IZI-5 Single  Charge CycZe F i g u r e  TII-6 Three Crzcrge Cgcies 

No-Vent F i l l  o f  Receiver  Tank - Because o f  t h e  d i f f i c u l t y  o f  d i r e c t l y  
v e n t i n g  gas from a tank i n  a low-g environment, t h e  no-vent fill concept i s  
t h e  most promis ing approach f o r  t r a n s f e r  o f  cryogens i n  space. A n a l y s i s  shows 
t h a t  t h e  thermodynamic processes i n  t h e  r e c e i v e r  tank  are somewhat i nvo l ved ,  
and t h a t  adequate d a t a  f o r  p r e d i c t i o n  o f  r a t e s  a t  which t h e  t r a n s f e r  can be 
accomplished are n o t  a v a i l a b l e .  

111-6 



Analys s of t h e  thermodynamics i n  t h e  r e c e i v e r  tank d u r i n g  t r a n s f e r  can be 
cons ide red  i n  t h r e e  phases. The f i r s t  phase, s t a r t i n g  a t  t h e  beg inn ing  of 
t rans fe r ,  nvo ives v a p o r i z a t i o n  o f  p a r t  of t h e  incoming liquid, o r  f :ashi i ig. 
Th is  occurs because t h e  p ressu re  i n  t h e  tank  i s  lower than  t h e  vapor p ressu re  
of t h e  incoming l i q u i d ,  and i t  p a r t i a l l y  vapor izes.  Dur ing t h i s  phase, 
a d d i t i o n a l  v a p o r i z a t i o n  may occur  due t o  excess heat  con ta ined  i n  t h e  tank 
w a l l s  and i n t e r n a l  hardware, if they have n o t  been p r e c h i l l e d  t o  l i q u i d  
temper a t  u r e  . 
e q u i l i b r i u m  w i t h  t h e  tank pressure.  
Cont inued i n f l o w  o f  l i q u i d  causes compression o f  t h e  vapor, and t h e  tank 
p ressu re  w i l l  r i s e  above t h e  vapor p ressu re  o f  t h e  incoming l i q u i d .  
p ressu re  increases, vapor w i l l  begin t o  condense a t  t h e  l i q u i d  i n t e r f a c e ,  t h e  
t h i r d  phase o f  t h e  process. 
maximum o p e r a t i n g  l i m i t ,  f u r t h e r  t r a n s f e r  i n t o  t h e  tank can occur o n l y  as 
condensat ion o f  vapor makes room f o r  more l i q u i d .  

f i l l  procedure, and t h e  l i q u i d - v a p o r  i n t e r f a c e  area a v a i l a b l e  f o r  condensat ion 
as w e l l  as t h e  l i q u i d - v a p o r  r a t e  a t  which condensat ion occurs w i l l  l i m i t  t h e  
r a t e  a t  which t r a n s f e r  can proceed. Whenever t h e  l i q u i d  i n t e r f a c e  i s  a t  a 
temperature t h a t  i s  below t h e  s a t u r a t i o n  temperature corresponding t o  t h e  
tank pressure,  vapor w i l l  condense a t  t h e  i n t e r f a c e .  However, t h i s  
condensat ion depos i t s  t h e  heat  o f  condensat ion i n t o  t h e  i n t e r f a c e  l aye r ,  and 
q u i c k l y  r a i s e s  i t s  temperature t o  t h e  s a t u r a t i o n  p o i n t .  F u r t h e r  condensat ion 

l i q u i d .  To enhance t h i s  heat  t r a n s f e r ,  means f o r  promot ing m i x i n g  should be 
prov ided.  

The mechanism o f  m i x i n g  w i t h i n  t h e  l i q u i d  f o r  one-g processes and t h e  
p r e d i c t i o n  o f  condensat ion r a t e s  i s  dependent on t h e  l i q u i d - v a p o r  i n t e r f a c e  
being p o s i t i o n e d  by g r a v i t y  i n  a minimum area c o n f i g u r a t i o n .  
however, t h e  i n t e r f a c e  c o n f i g u r a t i o n  i s  e s t a b l i s h e d  by su r face  t e n s i o n  f o r c e s  
and t h e  i n t e r f a c e  p o s i t i o n  w i l l  be i n f l u e n c e d  by t h e  f l o w  o f  l i q u i d  i n t o  t h e  
tank. I n  a d d i t i o n ,  under low-g cond i t i ons ,  t h e  i n t e r f a c e  area i s  expected t o  
be increased w i t h  e f f e c t i v e  m ix ing  by t h e  genera t i on  o f  vapor bubbles w i t h i n  
t h e  l i q u i d  which may n o t  separate due t o  t h e  l a c k  o f  buoyancy. Consequently, 
t h e  e f fec t i veness  o f  m ix ing  methods a re  expected t o  be l e s s  p r e d i c t a b l e  than 
would be a n t i c i p a t e d  f o r  earth-based exper iments and t h e  p r e d i c t i o n  of 
condensat ion r a t e s  w i l l  be more d i f f i c u l t .  

As  t h e  q u a n t i t y  o f  l i q u i d  t r a n s f e r r e d  increases, t h e  volume o f  t h e  vapor 
decreases, and as t h e  tank approaches a n e a r l y  f u l l  c o n d i t i o n  t h e  t o t a l  
i n t e r f a c i a l  area, rega rd less  o f  t h e  m i x i n g  mode, decreases. Therefore,  i t  i s  
p o s s i b l e  t h a t  t h e  r a t e  o f  t r a n s f e r  w i l l  be seve re l y  l i m i t e d  as t h e  tank 
becomes f i l l e d  t o  t h e  80 o r  90 per -cen t  l e v e l .  I t  i s  a l s o  impor tan t  t o  no te  
t h a t  t h e  r a t i o  o f  t h e  i n t e r f a c i a l  area, f o r  any g i ven  f i l l  l e v e l  and geometr ic 
l i q u i d - g a s  c o n f i g u r a t i o n ,  t o  t h e  volume o f  t h e  tank, decreases as t h e  tank 
s i z e  increases. Th is  suggests t h a t  t h e  fill r a t e  w i l l  be dependent on t h e  
i n t e r f a c i a l  area, n o t  t h e  tank  volume, and t h a t  a l a r g e  tank  w i l l  r e q u i r e  a 
l onger  t i m e  t o  f i l l  than a s i m i l a r  s m a l l e r  tank. 

The no-vent f i l l  process has been analyzed, u s i n g  t h e  CSAM computer 
program. Fac to rs  d e s c r i b i n g  t h e  heat t r a n s f e r  processes and t h e  i n t e r f a c i a l  
area, t h a t  are dependent on t h e  m ix ing  mode and energy, have been v a r i e d  
p a r a m e t r i c a l l y .  These s i m u l a t i o n s  suppor t  t h e  conc lus ions  presented above, 
and i n d i c a t e  t h a t  t r a n s f e r  t imes w i l l  be one hour o r  more f o r  l a r g e r  tanks,  
based on assumptions t h a t  a re  judged t o  be o p t i m i s t i c .  F igu re  111-7 presents  
t h e  p ressu re  and percent  f u l l  versus t i m e  f o r  a t y p i c a l  no-vent f i l l  
s imu la t i on .  

F lash ing  o f  t h e  l i q u i d  cont inues u n t i l  t h e  incoming l i q u i d  i s  i n  
A t  t h a t  p o i n t ,  t h e  second phase begins.  

As t h e  

When t h e  r e c e i v e r  tank p ressu re  reaches i t s  

Condensation o f  t h e  vapor i s  the most impor tan t  process i n  t h e  no-vent 

i s  depeiideiit oii t r a n s f e r  of hes t  fi-oiii t h e  i i i te i - face iiitij t h e  b”:k of L l l C  

I n  low-g, 
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The need f o r  da ta  on t h e  no-vent f i l l  process i n  space i s  c r i t i c a l ,  and i t  
i s  proposed t h a t  no-vent fill experiments be i n c l u d e d  i n  t h e  CFMF. Because i t  
i s  d e s i r a b l e  t o  eva lua te  m i x i n g  modes, two nozz le  c o n f i g u r a t i o n s  are 
recommended, u s i n g  t h e  t r a n s f e r  f l o w  as t h e  source o f  m ix i r i g  energy. A s e t  of 
t a n g e n t i a l  nozz les w i l l  e x t a b l i s h  a r o t a t i o n a l  mot ion o f  t h e  f l u i d  w i t h i n  t h e  
tank, g i v i n g  an ordered and known l i q u i d - v a p o r  i n t e r f a c i a l  c o n f i g u r a t i o n .  A 
second s e t  o f  nozz les w i l l  be o r i e n t e d  a x i a l l y ,  e s t a b l i s h i n g  a second f l o w  
p a t t e r n  w i t h i n  t h e  tank. These a x i a l  nozzles,  when used i n  c o n j u n c t i o n  w i t h  
t h e  t a n g e n t i a l  nozzles,  w i l l  t end  t o  g i v e  a more random mot ion o f  t h e  l i q u i d .  
By comparing t h e  r a t e s  o f  f i l l ,  these m i x i n g  modes can be c h a r a c t e r i z e d .  
Because t h e  t r a n s f e r  r a t e  i s  expected t o  decrease as t h e  tank f i l l s ,  i t  i s  
impor tan t  t h a t  s u f f i c i e n t  q u a n t i t y  o f  l i q u i d  be a v a i l a b l e  t o  comp le te l y  f i l l  
t h e  tank so t h a t  t h i s  e f f e c t  can be cha rac te r i zed .  

Tank P r e s s u r i z a t i o n  - The p r imary  concerns i n  a n a l y s i s  o f  tank 
p r e s s u r i z a t i o n  systems i s  t o  determine t h e  p o s s i b l e  e f f e c t s  o f  t h e  space 
env i  ronment on performance and t o  eva lua te  autogenous p r e s s u r i z a t i o n  as a 
means t o  e l i m i n a t e  t h e  need f o r  a non-condensible pressurant .  

he l i um w i l l  be s t o r e d  a t  t h e  ambient temperature o f  t h e  s p a c e c r a f t  ( a l t h o u g h  
i t  may be s t o r e d  c r y o g e n i c a l l y  t o  reduce volume requi rements) .  
p ressu ran t  i s  i n j e c t e d  i n t o  t h e  cryogen tank t o  m a i n t a i n  p ressu re  d u r i n g  
ou t f l ow ,  i t s  d e n s i t y  w i l l  be smal l  and l e s s  p ressu ran t  w i l l  be requ i red .  As 
t h e  o u t f l o w  proceeds, t h e  pressurant  i n  t h e  tank w i l l  coo l ,  i n c r e a s i n g  i t s  
d e n s i t y  w i t h  a r e s u l t i n g  tendency t o  reduce tank pressure.  

s t o r e d  f l u i d  i n t o  e q u i l i b r i u m  w i t h  t h e  l i q u i d .  
i n c r e a s i n g  tank pressure.  Whether t h e  pressure increases o r  decreases a f t e r  
t h e  o u t f l o w  i s  completed i s  dependent on va r ious  parameters, i n c l u d i n g  t h e  
i n l e t  temperature o f  t h e  pressurant ,  t h e  l i q u i d  o u t f l o w  r a t e ,  t h e  s i z e  o f  tank 
and q u a n t i t y  o f  l i q u i d  remaining, and bo th  t h e  i n t e r n a l  and e x t e r n a l  heat  
t r a n s f e r  c h a r a c t e r i s t i c s .  
u l l a g e  and mass t r a n s f e r  due t o  v a p o r i z a t i o n  w i l l  be a f f e c t e d  by t h e  low 
g r a v i t y  environment. 
and a l s o  t h e  l i q u i d - g a s  c o n f i g u r a t i o n  t h a t  may e x i s t ,  i n c l u d i n g  l i q u i d  mot ions 
t h a t  may p e r s i s t  a f t e r  o u t f l o w  i s  complete. 

An autogenous p r e s s u r i z a t i o n  system uses heated vapor o f  t h e  s t o r e d  
cryogen as t h e  pressurant .  I t  w i l l  c o o l  down a f t e r  (as  w e l l  as d u r i n g )  
out f low.  Vapor i za t i on  o r  condensat ion may occur, depending on t h e  same 
parameters t h a t  a f f e c t e d  t h e  heat  and mass t r a n s f e r  when a non-condensible 
p r e s s u r a n t  i s  used. Autogenous p r e s s u r i z a t i o n  always r e s u l t s  i n  an i n p u t  o f  
heat i n t o  t h e  tank, and may r e s u l t  i n  an increased l i q u i d  temperature,  and/or 
a d d i t i o n a l  v e n t i n g  t o  m a i n t a i n  tank  p ressu re  d u r i n g  coas t  pe r iods .  

F i g u r e  111-8 p rov ides  a comparison o f  t h e  two p r e s s u r i z a t i o n  methods f o r  
a CFMF supp ly  tank f o r  a 40 minute ou t f l ow  a t  27.3 kg ( 6 0  lbm) pe r  hour 
f o l l o w i n g  a 24 hour h o l d  per iod.  
drops r a p i d l y  a t  t h e  end o f  o u t f l o w  and p r e s s u r i z a t i o n ,  due t o  c o o l i n g  o f  t h e  
p r e s s u r a n t  which was n o t  w e l l  mixed d u r i n g  i n j e c t i o n .  A f t e r  reach ing  a 
minimum, t h e  pressure begins t o  increase due t o  v a p o r i z a t i o n  o f  hydrogen. 
cases a re  shown f o r  t h e  autogenous system. I n  t h e  f i r s t ,  t h e  h o t  hydrogen 
p r e s s u r a n t  was n o t  w e l l  mixed. A r a p i d  drop i n  pressure occu r red  due t o  
c o o l i n g  o f  t h e  vapor, b u t  t h i s  was f o l l o w e d  w i t h  a smal l  p ressu re  r i s e  due t o  
v a p o r i z a t i o n  due t o  t h e  added heat .  
o f  t h e  

I n  a t y p i c a l  system u s i n g  a non-condensible p ressu ran t  such as hel ium, t h e  

When t h e  warm 

A t  t h e  same t i n e ,  
t:aperizatign of fhn ..I._ r rvnnnn k " J " y " '  wj!! g c ~ ~ r  t o  b r i n g  t h e  p a r t i a l  prpss?jrp of t h e  

This  has t h e  e f f e c t  o f  

The heat t r a n s f e r  t h a t  governs b o t h  c o o l i n g  o f  t h e  

Th is  i s  due bo th  t o  t h e  d i f f e r e n c e  i n  f r e e  convect ion,  

For t h e  he l i um p ressu ran t  case, t h e  p ressu re  

Two 

The second autogenous case assumed m i x i n g  
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incoming hydrogen p ressu ran t .  Th is  r e s u l t e d  i n  a s i g n i f i c a n t  i nc rease  i n  t h e  
q u a n t i t y  o f  p ressu ran t  r e q u i r e d ,  b u t  w i t h  l e s s  c o l l a p s e  a f t e r  t h e  o u t f l o w  was 
complete. I n  a l l  cases, t h e  f i n a l  r a t e  o f  p ressu re  r i s e  i s  due p r i m a r i l y  t o  
t h e  heat  i n p u t  t o  t h e  tank  v i a  i n s u l a t i o n ,  suppor ts  and p i p i n g .  

I t  i s  recommended t h a t  b o t h  t h e  non-condensible and autogenous 
p r e s s u r i z a t i o n  modes be i n c l u d e d  i n  t h e  CFMF i n  o r d e r  t o  c h a r a c t e r i z e  t h e  
space e f f e c t s  on each. By c o r r e l a t i n g  tank pressure,  p r e s s u r a n t  q u a n t i t i e s  
and m i s s i o n  events t h a t  g i v e  i n s i g h t  i n t o  t h e  p r o p e l l a n t  behavior ,  t h e  heat  
and mass t r a n s f e r  c h a r a c t e r i s t i c s  can be es tab l i shed .  

- Because hea t  l eaks  w i l l  n o r m a l l y  be p r e s e n t  
w i t h  cryogenic  s to rage  systems i n  space, means must be p rov ided  f o r  
accomodating t h e  accumulat ion o f  heat  i n  t h e  f l u i d s .  The t y p e  o f  system t h a t  
w i l l  be needed w i l l  depend on t h e  s i ze ,  heat  l eak  c h a r a c t e r i s t i c s  and m i s s i o n  
d u r a t i o n .  

p ressu re  may e l i m i n a t e  t h e  need f o r  vent ing.  
f l u i d  w i l l  r e s u l t  i n  an i nc rease  i n  temperature and t h e r e f o r e  tank pressure.  
However, f o r  a minimum inc rease  i n  p ressu re  i t  i s  necessary t o  min imize 
s t r a t i f i c a t i o n  o f  t h e  temperature w i t h i n  t h e  f l u i d .  T h i s  can be accomplished 
w i t h  some means f o r  mix ing,  such as an e l e c t r i c a l l y  d r i v e n  punp-nozzle o r  f a n  
arrangement. 

CF/.:F Supp ly  Tank Pressurization Coqarison 

Space Storage o f  Cryogens 

For ve ry  s h o r t  miss ions,  p r o v i s i o n  f o r  a moderate i nc rease  i n  tank 
The accumulated heat  i n  t h e  

As an example, a 28.3 m3 (1000 c u - f t )  s p h e r i c a l  hydrogen tank 
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w i t h  an average heat  l eak  o f  3.15 w/m2 ( 1  BTU/sq-f t -hr)  would i nc rease  from 
138 t o  207 kN/m2 (20 t o  30 p s i a )  i n  about 60 hours i f  t h e  f l u i d  i s  
m a i n t a i n e d  a t  a gni ferm temperature. 
t h e  m ixe r  was assumed. 

F o r  i n t e r m e d i a t e  term storage, some means o f  v e n t i n g  w i l l  be r e q u i r e d .  
may be p o s s i b l e  t o  s e t t l e  t h e  l i q u i d ,  u s i n g  a p r o p u l s i o n  system, and t o  
d i r e c t l y  vent  vapor. A problem w i t h  t h i s  method i s  t h a t  v a p o r i z a t i o n  w i l l  
occur w i t h i n  t h e  bu lk  o f  t h e  l i q u i d  as t h e  p ressu re  i s  reduced, and t h e  
ven t ing  r a t e  w i l l  be l i m i t e d  by t h e  r a t e  a t  which t h e  vapor bubbles can r i s e  
th rough  t h e  l i q u i d .  
acce le ra t i on ,  t h e  l i q u i d  volume w i l l  s w e l l  due t o  t h e  vapor genera t i on  and 
l i q u i d  w i l l  reach t h e  o u t l e t .  

system (US) concept i s  most appropr ia te.  This  method r e l i e s  on a d m i t t i n g  
l i q u i d  i n t o  t h e  ven t  system, where i t s  pressure i s  reduced. The ven t  f l u i d  i s  
r o u t e d  through a hea t  exchanger where i t  vapor izes by absorb ing heat  f r o m  t h e  
t a n k  and f l u i d ,  and pressure r i s e  i s  reduced o r  e l i m i n a t e d .  Because of t h e  
thermodynamic c h a r a c t e r i s t i c s  o f  t h e  cryogen, an advantage i s  gaif ied ov2r  
d i r e c t  vent ing,  on t h e  o r d e r  o f  5 t o  10 percent .  However, i f  t h e  system i s  
f u r t h e r  op t im ized  by r o u t i n g  t h e  vent f l u i d  th rough  a d d i t i o n a l  heat  exchangers 
t o  i n t e r c e p t  hea t  i n  t h e  major  heat leak components, such as i n s u l a t i o n  and 
p i p i n g ,  t h e  t o t a l  ven t  r a t e  can be reduced t o  50 pe rcen t  o r  l e s s  when compared 
t o  d i r e c t  ven t i ng .  

When t h e  thermodynamic vent  system i s  used, i t  i s  s t i l l  necessary t o  l i m i t  
t h e  temperature s t r a t i f i c a t i o n  w i t h i n  t h e  f l i i d  t o  p reven t  excess ive pressGre 
excursions. 
This  has t h e  disadvantage f o r  l ong  term s to rage  t h a t  t h e  m i x e r  adds heat  t o  
t h e  cryogen. A promis ing approach t o  c o n t r o l  o f  s t r a t i f i c a t i o n  t h a t  
e l i m i n a t e s  t h e  need f o r  a mixer  i s  t o  c o n f i g u r e  t h e  thermodynamic vent  system 
w i t h  two o r  more heat  exchangers. Each i s  s e p a r a t e l y  r o u t e d  t o  remove heat  
from d i f f e r e n t  s e c t i o n s  o f  t h e  tank, and each i s  s e p a r a t e l y  c o n t r o l l e d  t o  
d i v i d e  t h e  t o t a l  c o o l i n g  c a p a c i t y  among t h e  va r ious  r e g i o n s  so as  t o  l i m i t  
temperature d i f f e r e n c e s .  S imu la t i ons  o f  such systems u s i n g  t h e  CSAM computer 
program have v e r i f i e d  t h e  f e a s i b i l i t y  o f  accompl ishing s t r a t i f i c a t i o n  c o n t r o l  
i n  t h i s  manner w i t h o u t  s i g n i f i c a n t  r e d u c t i o n  o f  t h e  ven t  e f f i c i e n c y .  
Thermodynamic ven t  systems a re  proposed f o r  t h e  CFMF supp ly  tank and f o r  t h e  
m i s s i o n  two and m i s s i o n  t h r e e  r e c e i v e r  tanks.  I n  t h e  case o f  m i s s i o n  th ree ,  a 
separate T V S  heat  exchanger w i l l  be i n s t a l l e d  on a p a r t i a l  l i q u i d  a c q u i s i t i o n  
d e v i c e  f o r  thermal  c o n t r o l .  The a c q u i s i t i o n  dev i ce  w i l l  a l s o  be c o n f i g u r e d  
f o r  pass i ve  thermal  c o n t r o l ,  us ing  c a p i l l a r y  pumping o f  l i q u i d  t o  preven t  
excess heat ing.  
w i t h o u t  a c t i v a t i o n  o f  t h e  TVS heat  exchanger. 

P a r t i a l  A c q u i s i t i o n  Device - An a n a l y s i s  was made of a r e f i l l a a l e  
a c q u i s i t i o n  dev i ce  design f o r  t h e  r e c e i v e r  tank, and a p r e l i m i n a r y  des ign 
concept i s  shown i n  F i g u r e  111-9. The t r a p  volume i s  about 6 pe rcen t  o f  t h e  
t o t a l  tank and c o n s i s t s  o f  a ven t  tube and an i n t e r n a l  c a p i l l a r y  channel 
dev ice.  
The t o p  p o r t i o n  of t h e  ven t  t ube  i s  p e r f o r a t e d  w i t h  ho les  0.13 cm (0.05 in . )  
i n  d iameter  t o  a l l o w  p u r g i n g  o f  t h e  entrapped vapor d u r i n g  r e f i l l .  

engines t o  p r o v i d e  a s e t t l i n g  a c c e l e r a t i o n  on t h e  o r d e r  o f  0.05 g, arld t h e  
fill l e v e l  as a f u n c t i o n  o f  t i m e  i s  shown i n  F i g u r e  111-10. Th is  a n a l y s i s  was 
performed u s i n g  t h e  REFILL computer program. 
a c q u i s i t i o n  dev i ce  p e r f o m a n c e  by e v a l u a t i n g  pressure d i f f e r e n c e s  due t o  

A n  average hea t  i n p u t  o f  10 w a t t s  due t o  

I t  

I f  t h e  tank i s  vented t o o  f a s t ,  depending on t h e  s e t t l i n g  

Fo r  l onger  term s to rage  o f  cryogens i n  space, t h e  thermodynamic ven t  

One approach i s  t o  use a pump o r  f a n  system t o  m i x  t h e  f l u i d .  

The two methods w i l l  be compared by o p e r a t i o n  w i t h  and 

The bot tom p o r t i o n  o f  t h e  t r a p  c o n s i s t s  o f  165 x 800 mesh screen. 

An a n a l y s i s  was conducted t o  determine t h e  r e f i l l  t i m e  us ing  t h e  OMS 

This  program s imu la tes  
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h y d r o s t a t i c  head, f l o w  loss and c a p i l l a r y  pressure,  and a d j u s t i n g  f lows 
acco rd ing l y .  The s e t t l i n g  t ime, assuming t h e  tank i s  t w o - t h i r d s  f u l l ,  i s  
app rox ima te l y  6 seconds. 
i t  i s  i n i t i a l l y  h a l f - f u l l .  The t r a p  i s  designed t o  r e t a i n  l i q u i d  under 
adverse a x i a l  and l a t e r a l  acce le ra t i ons .  

The t r a p  i s  comp le te l y  f u l l  by 19 seconds assuming 

C.  EXPERIMENT SI Z I N G  CONSIDERATIONS 

I n  pe r fo rm ing  analyses f o r  each o f  t h e  f l u i d  management systems, t h e  
phenomena and govern ing equat ions were examined t o  determine whether 
c o n s t r a i n t s  e x i s t  t h a t  d i c t a t e  t h e  minimum s i z e  o f  t h e  exper iment f o r  which 
t h e  r e s u l t s  w i l l  be v a l i d  f o r  a p p l i c a t i o n  t o  f u l l  s i z e  spacec ra f t  design. As 
noted p r e v i o u s l y ,  i t  i s  i m p e r a t i v e  t h a t  t h e  exper iment be i n  t h e  same behavior  
regime o f  t h e  v a r i o u s  dimensionless parameters o f  concern as t h e  f u l l  sca le  
a p p l i c a t i o n ,  and t h i s  requi rement  i s  one o f  t h e  impor tan t  c r i t e r i a  i n  
exper iment s i z i n g .  I n  most o f  t h e  phenomena t o  be i n v e s t i g a t e d ,  s i z e  e n t e r s  
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i n t o  t h e  governing r e l a t i o n s h i p s  and i t  i s  d e s i r a b l e  t o  have d a t a  f rom-more  
than  one experiment s i z e  t o  assure t h a t  t hese  r e l a t i o n s h i p s  p r o p e r l y  account 
f o r  s i z e .  I n  t h e  case o f  r e c e i v e r  tank  c h i l l d o w n ,  two tank s i z e s  a re  
recommended t o  accompl ish t h i s  purpose. I t  i s  a l s o  o b v i o u s l y  d e s i r a b l e  t o  
keep t h e  range o f  e x t r a p o l a t i o n  t o  a reasonable value, i n  o r d e r  t h a t  e r r o r s  
a re  n o t  magn i f i ed  and s i g n i f i c a n t  e f f e c t s  over looked.  I n  t h e  case o f  no-vent 
f i l l  experiments, i t  i s  i m p e r a t i v e  t h a t  t h e  r e c e i v e r  tank  be s i z e d  so t h a t  
s u f f i c i e n t  l i q u i d  i s  a v a i l a b l e  t o  comp le te l y  f i l l  t h e  tank. T h i s  w i l l  assure 
t h a t  e f f e c t s  due t o  t h e  r e d u c t i o n  o f  l i q u i d - v a p o r  i n t e r f a c i a l  area as t h e  tank  
nears f u l l  are examined. No o t h e r  s p e c i f i c  l i m i t a t i o n s  on t h e  s i z e  of t h e  
va r ious  experiments t o  be i n c l u d e d  i n  t h e  CFMF were i d e n t i f i e d .  

F o r  t h e  miss ion two and t h r e e  r e c e i v e r  tanks  t h a t  w i l l  i n v e s t i g a t e  no-vent  
f i l l ,  t h e  c a p a c i t y  o f  t h e  p r e v i o u s l y  d e f i n e d  supp ly  tank  i s  adequate t o  meet 
exper iment o b j e c t i v e s .  
111-1. The r e s u l t i n g  s i z e  o f  these tanks g i ves  a volume o f  0.425 m3 
(15.1 c u - f t ) .  
108.1 cm (42.54 i n . )  when g e o m e t r i c a l l y  sca led  t o  t h e  Boeing space-based OTV 
(NASA CR-3535). 
m iss ion  one, which i s  p r i m a r i l y  designed t o  i n v e s t i g a t e  tank ch i l l down ,  i s  
s i z e d  t o  g i v e  a reasonable s i z e  d i f f e r e n c e  between i t  and t h e  m i s s i o n  two 
tank, which w i l l  a l s o  i n v e s t i g a t e  tank ch i l l down .  Th is  tank  s i z e  was s e l e c t e d  
as 121.9 cm (48 i n . )  d iameter  o r  0.28 scale,  based on t h e  maximum p r a c t i c a l  
Size mounting c o n s i d e r a t i o n s  f o r  t h e  standard S h u t t l e  c a r r i e r s  ( P a l l e t  and 
MPESS) w i t h  the  o v e r a l l  proposed CFMF layou t .  
Tab l e  III- 1 

The r e c e i v e r  tank  s i z i n g  summary i s  shown i n  Table 

The tank  d iameter  i s  77.8 cm (30.6 i n . ) ,  and t h e  l e n g t h  i s  

This  i s  a l i n e a r  s c a l e  f a c t o r  o f  0.18. The r e c e i v e r  tank  f o r  

Receiver Tank Sizing S m a r y  

I Supply Tank Volume: 

Reduct i ons : 

10 pe rcen t  nax u l l a g e  

1 percent expa ls ion  losses 

TVS o p e r a t i o n  0.034 kg/hr  
(.075 l b / h r )  f o r  
48 h r s  = 1.6 kg (3.6 l b )  

Transfer  L ine  Chi 7 1 down 
Losses 1.20 k g  (2.55 l b )  

Receiver Tank Chi 1 ldown 
LOSS 4.5 k g  (9.9 l b )  

Remaining i n  L ines  

Margin: 

5 percent  o f  Receiver Tank 

T g t a l  Reductions and Margin:  

Reslrl t i n g  Receiver Tank v 3 l u ~ e :  

0.62 m3 (2.3 f t 3 )  

0.006 q3 (0.23 f t 3 )  

0.024 n3  (0.34 f t 3 )  

0.018 713 (2.62 f t 3 )  

0.066 m3 (2.32 f t 3 )  

9.001 in3 (0.02 f t 3 )  

0.021 T13 ( 0 2 5  f t 3 )  

0.197 m3 ( 5.97 f t 3 )  

9.425 rn3 (15.03 f t 3 )  
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D. M I S S I O N  OBJECTIVES, SCHEMATICS AND TIMELINES 

The m i s s i m  ~ b j e c t i v e s  and techn=l=gies/systems t o  be v e r i f i e d  by 
a n a l y t i c a l  model on each of t h e  miss ions a re  i t em ized  i n  Tables 111-2 th rough  
111-5. The p r imary  focus  on Miss ion 1 i s  supp ly  tank  ( t o t a l  a c q u i s i t i o n  
d e v i c e  and thermodynamic ven t  system) performance i n  low-g, and 0.28 s c a l e  
r e c e i v e r  tank ch i l l down .  M iss ion  2 concentrates on 0.18 s c a l e  r e c e i v e r  tank  
c h i l l d o w n  and no-vent f i l l .  M iss ion  3 eva lua tes  0.18 s c a l e  r e c e i v e r  tank  
c h i l l d o w n  and no-vent f i l l  when the re  i s  a p a r t i a l  a c q u i s i t i o n  dev ice w i t h i n  
t h e  r e c e i v e r ,  i n  a d d i t i o n  t o  p a r t i a l  a c q u i s i t i o n  dev i ce  thermal ,  
s e t t l e d - r e f i l l  and expu ls ion  performance. A c ross  r e f e r e n c e  showing which o f  
t h e  l i q u i d  s t o r a g e l s u p p l y  f l u i d  management systems and techno log ies  a re  
recommended f o r  i n v e s t i g a t i o n  on each o f  t h e  t h r e e  m iss ions  i s  presented i n  
Table 111-6. S i m i l a r  c ross  references f o r  thermal  c o n t r o l  and f l u i d  
t r a n s f e r l r e s u p p l y  are conta ined i n  Tables 111-7 and 111-8, r e s p e c t i v e l y .  

P r e l i m i n a r y  s i m p l i f i e d  schematics f o r  each o f  t h e  t h r e e  m iss ions  a r e  
i n c l u d e d  as F igures 111-11 th rough  111-13, r e s p e c t i v e l y .  I n  a d d i t i o n  t o  a 
d i f f e r e n t  r e c e i v e r  tank on each mission, t h e  p r i m a r y  d i f f e r e n c e  i n  t n e  
schematics i s  t h a t  two autogenous pressurant  b o t t l e s  are i nc luded  f o r  m iss ions  
2 and 3. 
due t o  t h e  d i f ferences i n  c o n f i g u r a t i o n s  o f  t h e  r e c e i v e r  tanks and assoc ia ted  
hea t  exchangers, c h i l l d o w n  systems, e t c .  

T e n t a t i v e  m i s s i o n  t i m e l i n e s  f o r  each o f  t h e  miss ions are shown i n  F igu res  
111-14 th rough  111-16. I t  should be noted t h a t  t ime  d u r a t i o n s  rep resen t  
a ! !mat icns  f c r  i n v e s t i g a t i n g  a process =r techn~lzgy. The spec i f ic  p r ~ c e s s  
may occur over  a p o r t i o n  o f  t h e  a l l o c a t e d  t ime.  

Some plumbing i n t e r f a c e s  w i t h  t h e  r e c e i v e r  tanks a re  a l s o  m o d i f i e d  
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Tab l e  1 1 1 - 2  Mission 1 Objectives and Analytical' Mode 2 Veri f icat ion 

I F M F  MISSION 1 OBJECTIVES 

PRIMARY. - SECONDARY 
0 CFME Supply Tank o Evaluate supply o Demonstrate supply 

tank total tank TVS 
communication device, o Evaluate helium 
including capability pressurization 
with degraded insulation system 

o Evaluate supply tank 
quantity gaging system 

o Evaluate thermal 
conditioning/outflow 

o Transfer Line o Obtain transfer line 
- Flow through chilldown data - 

chi 1 ldown flow through 
- Thermal simulated o Evaluate mass and 

disconnect quality metering 

I 

e Receiver Tank o Investigate o Purged NLI performance 
- 0.28 scale receiver tank chilldown - minimum 30 layers 

tank without using internal spray - interstitial pressure 
acquisition device nozzles or jets measurement 

nozzles or jets 
(minimum of two 
approaches, one 
tangential and one 
axi a1 ) 

- Internal spray 
CONTINGENCY 
o tvaluate receiver tank 

partial fill if adequate 
fluid is available 

o Evaluate tank venting of 
helium from partially I full tank (preliminary) 

I CFMF MISSION 1 ANALYTICAL MODEL VERIFICATION I 
PRIMARY SECONDARY CONTINGENCY 
o CFME supply tank o Purged MLI o Receiver tank 

performance (pressur- performance partial fill 
ization, outflow, o Receiver tank 
thermal control, venting 
thermal conditioning) 

o Transfer line chilldown 
o Receiver tank chilldown 

Performance-spray 
nozzle or jets in low-g 
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Table 111-3 Mission 2 Objectives ctnd Ana ZyticaZ Mode 2 VeKf{cat ion 

CFMF MISSION 2 OBJECTIVES 

PRIMARY- - SECONDARY 
CFME Supply Tank o Evaluate refill of o Evaluate low-g 

total communication 1 iquid/vapor 
device (using receiver 
tank as supply) during 
settling outflow of 
recei ver tank 

o Evaluate supply tank 
quantity gaging 

o Autogenous pressurization 

quality and mass 
flow measurement 

a Transfer Line o Obtain transfer line 
chilldown data 

metering 
o Evaluate mass and quality 

0 Receiver Tank 
- 0.18 scale tank 

without acquisition 
device 

- Internal spray 
nozzles or jets 
(preferred approach 
from Mission 1) 

(one at each end) 
- On-wall TVS 

o Investigate receiver 
tank chi1 ldown 

o Evaluate no-vent fill 
to maximum fill level 

o Perform outflow from 
receiver with helium 
pressurization and RCS 
settling to leave some 
liquid in receiver 

o Evaluate venting of 
partially full receiver 
tank (i.e. venting of 
non-condens i bl e 1 

o Receiver tank 
storage 
performance 
(operation of 
on-wall TVS) 

o Evaluate passive 
stratification 
control 

o Purged MLI 
Performance 

CFMF MISSION 2 ANALYTICAL MODEL VERIFICATION 

PRIMARY 
o Supply tank thermal conditioning - 

of outflow with autogenous 
pressurization 

o Transfer line chilldown 
o Receiver tank chilldown 
o Receiver tank no-vent 

o Transfer system model 
o Venting of gaseous helium from 
partially full tank 

o Supply Tank Refill 

fill 

SECONDARY 
o CFME supply tank 
performance 

o Stratification control 
(passive - TVS) 

o Receiver tank thermal performance 
- insulation 
- passive TVS 

111-17 



TabZe III-4 Mission 3 Objectives 

CFMF M I S S I O N  3 OBJECTIVES 

PRIMARY SECONDARY 
o CFME Supply  Tank o Evaluate r e f i l l  o f  o Eva lua te  low-g 

t o t a l  communication 1 i q u i d / v a p o r  
d e v i c e  ( u s i n g  r e c e i v e r  qual  i t y  and mass 
t a n k  as supp ly )  d u r i n g  f l o w  measurement 
s e t t l i n g  o u t f l o w  o f  
r e c e i v e r  tank immediate ly  
a f t e r  r e c e i v e r  tank  f i 11 

o Evaluate supp ly  tank  
q u a n t i t y  gagi  ng 

o Autogenous p r e s s u r i z a t i o n  
(open, pending M i s s i o n  2 
r e s u l t s )  

c h i l l d o w n  d a t a  

m e t e r i  nq 

o Trans fe r  L i n e  o Ob ta in  t r a n s f e r  l i n e  

o Evaluate mass and q u a l i t y  

0 2ece ive r  Tank o Evaluate c h i l l d o w n  and no-vent o Receiver  tank  - 0.18 sca le  tank,  and f i l l  o f  t ank  w i t h  p a r t i a l  acq dev s to rage  per form- 
r e f  i 11 able p a r t  i a1 
ac qu i  s i t i  on dev i ce  
w i t h  TVS l e a v i n g  some l i q u i d  i n  r e c e i v e r  

- TVS e i t h e r  on w a l l  o Evaluate on-wal l  TVS the rma l  
o r  i n t e r n a l  (m ixe r )  c o n t r o l  performance, i n c l u d i n g  
a t  p ressu ran t  end thermal  ( s t r a t i f i c a t i o n )  f o r  

- I n t e r n a l  spray c o n d i t i o n  o f  b u l k  f l u i d  
nozz les o r  j e t s  pos i t i  oned away f r o m  
( p r e f e r r e d  approach a c q u i s i t i o n  dev i ce  
f rom Miss ions 1 and 2 )  o Evaluate performance 

(if des ign  c o n s t r a i n t s  p e r m i t )  
- Foam i n s u l a t i o n  o f  p a r t i a l  a c q u i s i t i o n  dev i ce  

under MLI - TVS performance on dev i ce  
- Capabil  i t y  t o  r e t a i n  

l i q u i d  w h i l e  surrounded 
by vapor - R e f i l l  w i t h  s e t t l e d  l i q u i d  
( i f  des ign c o n s t r a i n t s  
p e r m i t )  

p a r t i a l l y  f u l l  tank ( i . e .  
v e n t i n g  o f  non-condensibles) 

o Perform o u t f l o w  f r o m  r e c e i v e r  
acq. d e v i c e  w i t h  hel ium, 

o Evaluate v e n t i n g  of 

ance (foam-ML 1 
performance) 

o Evaluate h e l i u m  
p r e s s u r i z a t i o n  
of  tank w i t h  
p a r t i a l  acqui s i- 
t i o n  dev i ce  

o Evaluate t r a n s -  
f e r  r e f i l l  ( rorn 
supp ly  t a n k )  o f  
p a r t i a l  acqu s i -  
t i o n  d e v i c e  
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Table IiI-5 igission 3 AnalyticaZ :dodeZ Verification 

Priority 
Assessment 

PR i MARY 

. Mission 
1 

o Receiver tank (with 
acqui sit i on device) chi 11 down 

o Receiver tank no-vent fill 
o Partial acquisition 

device performance 
(outflow, refill during settling, 
acquisition device TVS) 

o Venting of gaseous helium from 
partially full tank 

o Transfer system model 
o Supply tank thermal conditioning 

o f  outflow with autogenous 
pressurization (if investigated 
on this mission) 

(passive-TVS and/or active-mixer) 
o Stratification control 

SECONDARY 
o CFME supply tank 

perform an ce 
o Receiver tank 
pressurization s( 
oiitf 1 ow performance 

o Refill of partial acquisition 
device (from supply tank) 
assuming design constraints 
permit an acceptable purging 
of gaseous he1 i um pressurant 
from device 

o Foam-MLI performance 

Tab le  iiI-6 Liquid Storage/SuppZg FZuid ~.lana_aement-i?lission Cross Reference 

0 Fluid Management Systems 
Acquisition/Expulsion Systems 

Direct outflow with settling 
Total Communication Device 
Part i a1 Communi cation Devi ce 

Ambient Helium 
Cryo-cool ed He1 i um 
Autogenous 

Slosh Control System 

Pressur i zat i on Systems 

a Additional Technology Issues 
Start Transients 
Outage/Pull through 
Mass Gaging/Instrumentation 
Non-conventi onal Tankage 

X 
X 
X 

Mission Mission 213 

X 
X 
X 

X 
X 

X 

( X I *  

X 

X 

* Parenthesis indicates that inclusion o f  particular technology is 
dependent on results o f  prwious rn i ss ion (s ) .  
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Table III-7 ThermaZ ControZ System - Mission Cross Reference 

2ri ori t y  Mission Mission Mission 
Assessment 1 2 3 

o Thermal Protection Systems 
Vacuurn Jacket/Insul a t ion  (dewar) 3 X 
Purged - MLI 2 X 
Foam - MLI 2 

Thermodynamic Vent Systems 
Internal Heat Exchanger 1 
External Heat Exchanger 1 X 
(including vapor-cooled sh ie ld)  
Coup1 ed Heat Exchanger 2 
(vent-free storage) 
Para-to-ortho Conversion 2 

o Thermal Management Systems 

Direct Tank Venting w i t h  s e t t l i n g  3 ( X ) *  
Refrigeration Systems 

X X 
X 

X 

X X 
X X 

X X 

e Additional Technology Issues 
Insulation Reusability 
( non- d2w ar ) 
Insulation Degradation 
( w i t h  time) 1 
Supports/Lines/Penetration 
Heat Leaks 3 X X X 
Thermal Acousti c Osci 11 a t  i ons 3 
Convection Control 3 X X 
Thermal Coqditioning Outflow 1 X X X 

2 

* Parenthesis indicates contingency mission event i f  other objectives ar2 
accomplished and time l ine  permits. 
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Tab le 111-8 Fluid TPansfer/Resxpply Technolog.ies - Misston Cross Reference 

._- 

0 Rece ive r  Tank 
Empty 

Chi  1 ldown 
A c q u i s i t i o n  Device F i l l  

No-Vent F i l l  
P a r t i a l l y  F u l l  

Vent ing  Non-Condensible 
No-Vent F i l l  
Vented F i l l  

Vapor Col1 apse 
Purge, Non-Condensi b l  es 

0 Trans fer  L i n e  
Ch i l l down  

u i c k  D isconnect  
thermal  l y  s imu la ted )  

P r i o r i t y  
Assessment 

1 
1 
1 
1 
1 

1 
1 
2 

1 

1 

M i s s i o n  M i s s i o n  M i s s i o n  
1 2 3 

X X X 
(X)*** x 
( X ) * * *  x 

( X ) *  X X 
X 

X 
X 

( X  )** X 
X 

X X X 

X X X 

0 A d d i t i o n a l  Technology Issues 
Mass Gaging 1 X X X 
Mass/Qual i ty  M e t e r i n g  1 X X X 
Pump vs. P ressu r i zed  Trans fer  2 
Long Term E f f e c t s  

Repeated C y c l i n g  Degradat ion 3 
Cont ami n a t  i on 3 

~~ ~ 

* E v a l u a t i o n  o f  r e c e i v e r  tank  p a r t i a l  f i l l  i f  adequate f l u i d  i s  a v a i l a b l e .  
** P r e l i m i n a r y  e v a l u a t i o n  o f  r e c e i v e r  tank  v e n t i n g  i f  p a r t i a l  f i l l  i s  

accomplished 
*** Supply  Tank R e f i l l  
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I V .  CFMF CONCEPTUAL D E S I G N  S T U D I E S  

CFMF conceptual  design s t d i e s  were conducted c o n s i d e r i n g  p o t e n t i a l  
m o d i f i c a t i o n s  t o  t h e  p r e v i o u s f y  de f i ned  systems concepts descr ibed i n  NASA 
CR-165279 and NASA CR-165495. Two p o t e n t i a l  c a r r i e r s  were evaluated, t h e  
Spacelab p a l  l e t  and t h e  Mui t ipurpose Experiment Support S t r u c t u r e  (MPESS). 
Two s p e c i f i c  Spacelab p a l l e t  c o n f i g u r a t i o n s  were evaluated,  t h e  European Space 
Agency (E%) p a l l e t  w i t h  I g l o o  av ion i cs  package, and t h e  MDf4 p a l l e t ,  which i s  
t h e  mixed cargo c a r r i e r  v e r s i o n  o f  t h e  Spacelab p a l l e t .  
t h e  CFMF on t h e  MPESS and MDM p a l l e t  are shown i n  F igu res  IV-1 and IV-2, 
r e s p e c t i v e l y .  

P r e l i m i n a r y  s t r u c t u r a l  and thermal des ign t rades  were made, CFMF/carrier 
i n t e g r a t i o n ,  ground process ing,  and f l i g h t  o p p o r t u n i t y  assessments were made 
f o r  each c o n f i g u r a t i o n ,  and a ROM cost  and schedule f o r  development and t h r e e  
f l i g h t s  were prepared. These t r a d e  s t u d i e s  a re  d iscussed below, and t h e  
recommended CFMF conceptual  des ign and p r e f e r r e d  c a r r i e r  r e s u l t i n g  f rom t h i s  
e f f o r t  i s  presented i n  Chapter V .  

Representat ions of 

A. STRUCTURAL D E S I G N  TRADES 

The s t r u c t u r a l  des ign t r a d e  s t u d i e s  focused on t h e  mechanical i n t e r f a c e  
requi rements f o r  each suppor t  s t r u c t u r e ,  and inc luded  dynamic environments, 
s t i f f n e s s  requirements,  s t r u c t u r a l  attachments, and l o a d  c a r r y i n g  c a p a b i l i t y .  
Requirements f o r  s t r u c t u r a l  q u a l i f i c a t i o n  and c e r t i f i c a t i o n  were a l s o  
addressed i n  order t o  i d e n t i f y  any r e l a t e d  concerns o f  t h e  suppor t  s t r u c t u r e  
which m igh t  impact p r o j e c t  c o s t  and/or complex i ty .  

Dynamic Environments - C a r r i e r  environmental  and des ign  l o a d  requi rements 
were v e r y  s i m i l a r .  Tables IV-1 and IV-2 p resen t  a comparison o f  t h e  
requi rements f o r  t h e  Spacelab p a l l e t ,  t h e  MDM p a l l e t  and t h e  MPESS. Al though 
t h e  MDM p a l l e t  i s  a Spacelab p a l l e t  w i t h  m o d i f i e d  subsystems, t h e  
environmental  requi rements f o r  t h i s  c a r r i e r  have been updated t o  r e f l e c t  STS 
f l i g h t  exper ience. 
Handbook (SLP/2104) w i l l  be updated t o  r e f l e c t  t h e  same requi rements f o r  t h e  
Spacelab p a l l e t .  
p a l l e t  support  s t r u c t u r e  and hardpoints ,  t h e y  w i l l  be r e f e r r e d  t o  as a p a l l e t  
i n  t h e  paragraphs below, as c o n t r a s t e d  w i t h  t h e  MPESS c a r r i e r ) .  

Bo th  t h e  MPESS and p a l l e t  c a r r i e r s  r e q u i r e  a payload fundamental f requency 
g r e a t e r  t han  o r  equal t o  25 Hz. P r e l i m i n a r y  dynamic analyses conducted on 
bo th  CFMF c o n f i g u r a t i o n s  i n d i c a t e d  t h a t  t h i s  requi rement  cou ld  be met f o r  
e i t h e r  c a r r i e r .  I n  a d d i t i o n ,  t h e  WESS r e q u i r e s  t h a t  t h e  fundamental mode o f  
t h e  o v e r a l l  c a r r i e r / p a y l o a d  system be 10 Hz +2 Hz. The MPESS has removable 
t r u s s  members t o  a l l o w  t u n i n g  o f  t h e  system zynamics. Compliance w i t h  t h i s  
requi rement  cou ld  n o t  be assessed a t  t h i s  t ime. The requi rement  has been 
l e v i e d  i n  o rde r  t o  avo id  h i g h  MPESS loads due t o  c o u p l i n g  w i t h  STS t r a n s i e n t  
events .  

s i g n i f i c a n t l y  more compl icated than  t h e  CFMF/pallet i n t e r f a c e .  Attachment o f  
payloads t o  t h e  MPESS i s  made v i a  gusset p l a t e s  on t h e  upper box t r u s s  o f  t h e  
suppor t  s t r u c t u r e .  The gusset p l a t e s  can o n l y  be loaded i n  shear (no t e n s i o n  
l oads  are a l lowed) .  Each gusset p l a t e  has s i x -5 /16  i n .  ho les  f o r  attachrnent. 
Dimensional t o l e r a n c e s  between holes on t h e  same gusset p l a t e  and ad jacen t  
gusset p l a t e s  on t h e  same t r u s s  face  are c o n t r o l l e d .  
between ho les  o r  d i f f e r e n t  t r u s s  faces a re  n o t  c o n t r o l l e d .  Our CFMF design 
concept i n t e r f a c e s  w i t h  18 gusset p l a t e s  and 72 ho les  on t h r e e  t r u s s  faces. 

I t  i s  a n t i c i p a t e d  t h a t  t h e  Spacelab Payload Accomnodations 

(Since t h e  Spacelab p a l l e t  and MDM p a l l e t  have t h e  same 

S t r u c t u r a l  I n t e r f a c e s  - The CFMF s t r u c t u r a l  i n t e r f a c e  w i t h  t h e  MPESS i s  

However, t o l e r a n c e s  
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P r e s s u r a n t  
B o t t l e s  ( 4 )  

T a n k  \ --- S u p p l y .  i 

L XDPl, PCB, PTB 
J u n c  t i o n  Box, 
Cold P l a t e  
S u b s  y s t e r n s  

\ Receiver 
/ T a n k  

/ 
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Tcb l e  I V -  1 Carrier Environments Requirements Comparison 

Component Sinusoidal Vibr3tiorl (Input 9; o-peak) 
- Sweep at 3 Oct/Min 

6 

2 Freq(Yz) Level ( 3  /Hz) 
20 9.00024 
20-150 +9 db/oCt 
159-690 0.1 
630-2000 -3 db/oCt 
2900 9.0027 
Fompos i te  = 3.72 grms .& 

MDM Pallet 

3.0 3.0 
0.0 0.0 

‘Freq( Hz) Level ( g2/Hz) 
20 0.00062 
20-150 +6 db/oct 
150-400 0.035 
400-2000 -9 dh/oCt 
2000 0.00028 
Composite = 4.1 qrms 

0 Induced Environment-Random Vibratiorl 

Spacel ab Pal let MDM Pallet MPESS 

Freq( Hz) Level ( g2/Hz) 
20 0.0022 
20-100 +6 db/oCt 
100-400 9.056 
400-2000 -6 db/OCt 
2000 0.0022 
Composite = 6.1 grrns 

50 Sec + 20 Sec/Nission 100 Sec + 50 Sec/Mission 50 Sec + 20 Sec/Mission 

P Induced invironment-Acoustics 

Spacel ab Pal 1 et MDM Pallet YPESS 
145 db Overall 138.5 db Overall [ 145 db Overall 

Note: MDM pallet requirements from ceb 1983 PDR Data Package; Spacelab 
pallet requirements f r o m  SLP/2104, which will be updated to reflect 
STS OFT pallet flight data. Yo flights of MPESS to date. 
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IKqu i r emen t iYlDM p a n g *  
I 

Spacel ab Pal let* 

25 Hz 25 Hz 

35 Hz 35 Hz 

N/A N / A  

Acceleration - (a Acceleration (Q 
X Y Z X Y Z 

t2.11 - +le4 +5.5 -2.0 - + l e 5  +4.7 
-4.3 -6.1 -5.0 -4.5 
t4.0 - +l.O +6.6 +3.8 51.6 +6.0 

Mounted t o  hard point 
Mounted t o  secondary 

- Overall c a r r i e r  plus 

Q E i - S t a t  i c 
Design Loads 

Liftoff 

s t ruc tu re  

pay1 oad i 
MPESS # 

25 Hz 

35 Hz 

10 Hz - + 2 Hz 

Acceleration ( 9 )  
X Y Z 

+2.3 - +2.7 - +5.9 
-4.8 
+6.6 - t 3 . 0  +S.O Landing 

* SLP/?104, Spacel ab Psyl oad Accommodation Handbook 
** MDC H0313, Spacelab Pa l le t  System Structural  Design C r i t e r i a  
tf J.4-136, OSTA-2 Part i  a1 Psyload Integrated Psyload Requirements Document 

Tabie i V - 3  icI?ESS Carrier cnd CFNF Weight  cnd CC 

I Psyload CG (In.)  I r T L  + MPESS 1 
Weight ( 1 h ) l  x 
3385 

lobtion 2 3685 1-28.1 9.1 -11.9 I 

Compctriscns 

(1) Spec B1-4-0006-TBE-A, design and performance specific3tion 

( 2 )  3.4-135, OAST-1 par t ia l  payload IPRD. (STS-14) 
(3) 34-136, OSTA-2 par t ia l  payload IPRD. (STS-7) 
( 4 )  Large format camera PO!? dsta package. (STS-14) 
( 5 )  Estimated 2/33 

(CEI ? a r t  I ) ,  MPE s u p p o r t  s tructure,  CEI No. F43001A 
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Consequently t h e  CFMF/MPESS i n t e r f a c e  must be m a t c h - d r i l l e d  and t i g h t l y  
shimmed ( t o  ensure gusset p l a t e s  are n o t  loaded i n  t e n s i o n )  t o  a p a r t i c u l a r  
MPESS. 

s i x  i n n e r  longeron ha rdpo in ts .  A l though d imensional  t o l e r a n c e s  between 
ha rdpo in ts  are f a i r l y  l a r g e ,  the-CFMF/hardpoint  i n t e r f a c e  i s  designed f o r  
shimming i n  t h r e e  d i r e c t i o n s  t o  accommodate h a r d p o i n t  l o c a t i o n  v a r i a t i o n s  f r o m  
p a l l e t  t o  p a l l e t .  

C a r r i e r  Loading - A l l owab le  payload/MPESS i n t e r f a c e  loads a re  n o t  
s p e c i f i c a l l y  def ined.  Users must d e f i n e  loads i n  t h e  MPESS and an a n a l y s i s  
must be performed b y  NASA/MSFC - Teledyne Brown t o  v e r i f y  MPESS s t r u c t u r a l  
margins. 
o f  MPESS des ign -po in t  payloads and c u r r e n t l y  man i fes ted  payloads as i n d i c a t e d  
i n  Table I V - 3 .  

d e f i n e d  i n  SLP/2104. A p r e l i m i n a r y  a n a l y s i s  has been conducted which 
i n d i c a t e s  t h a t  CFMF/pal let i n t e r f a c e  loads w i l l  be s u b s t a n t i a l l y  l e s s  than  
s t a t e d  c a p a b i l i t i e s .  A d d i t i o n a l l y ,  t h e  CFMF weight,  es t ima ted  a t  645 kg (1420 
l b )  a t ,  t h i s  p o i n t  i n  t h e  conceptual  des ign task,  i s  w e l l  w i t h i n  t h e  p a l l e t  
c a p a b i l i t y  o f  2886 kg (6349 l b ) .  

The CFMF/pallet i n t e r f a c e  i s  f a i r l y  s imple.  The CFMF s u b p a l l e t  mounts t o  

However, t h e  CFMF design f a l l s  w i t h i n  t h e  envelope ( w e i g h t  and CG) 

A l l  p a l l e t  h a r d p o i n t s  c a r r y  x ,  y, and z loads. Loading c a p a b i l i t i e s  a r e  

Subsystem Accommodations - The CFMF r e q u i r e s  power/communication, such as 
t h e  F l e x  Multiplexer/Demultiplexer (FMDM), Power Con t ro l  Box (PCB), Payload 
Timing B u f f e r  '(PTB) , AC power, etc. ;  and- a c t i v e  thermal  c o n t r o l ,  i n c l u d i n g  a 
f r e o n  pump, c o l d  p l a t e (  s )  , e t c .  
p r o v i d e d  f o r  these subsystems on t h e  Spacelab and MDM p a l l e t s .  
must des ign and f a b r i c a t e  subsystem suppor t  s t r u c t u r e s  f o r  t h e  MPESS. 

S t r u c t u r a l  Qualification/Certification - C a r r i e r  cho ice  does n o t  a f f e c t  
t h e  t e s t  and a n a l y s i s  requi rements f o r  s t r u c t u r a l l y  q u a l i f y i n g  t h e  CFMF 
pay load f o r  f l i g h t  (Ref. JSC-14046). However, assuming t h a t  n e i t h e r  c a r r i e r  
w i l l  be a v a i l a b l e  f o r  systems l e v e l  t e s t i n g ,  t e s t  f i x t u r i n g  f o r  t h e  MPESS w i l l  
be more complex than f o r  t h e  p a l l e t  due t o  t h e  c a r r i e r  i n t e r f a c e  
c o n f i g u r a t i o n .  Use o f  e i t h e r  c a r r i e r  w i l l  r e q u i r e  a cou2led- loads a n a l y s i s  t o  
v e r i f y  payload and c a r r i e r  i n t e g r i t y .  Th is  i s  somewhat more c r i t i c a l  f o r  t h e  
NPESS s i n c e  i n t e r f a c e  l o a d  c a p a b i l i t i e s  a re  n o t  s p e c i f i c a l l y  de f i ned .  

S t r u c t u r a l  Trade Summary - The s t r u c t u r a l  e v a l u a t i o n  d i d  n o t  i d e n t i f y  any 
c o n s t r a i n t  o r  concern t h a t  would e l  i m i n a t e  e i t h e r  c a r r i e r .  

Support  s t ruc tu re /moun t ing  p r o v i s i o n s  a r e  
Payload users 

o The p a l l e t  and MPESS dynamic environments a re  s i m i l a r .  

- 
- A p r e l i m i n a r y  s t r u c t u r a l  a n a l y s i s  o f  b o t h  CFMF c o n f i g u r a t i o n s  

We see no problem meet ing t h e  25 Hz f requency c r i t e r i o n  on 
e i t h e r  c a r r i e r .  

has con f i rmed  t h e  i n t e g r i t y  of t h e  b a s i c  s t r u c t u r a l  arrangements. 

o The CFMF/MPESS s t r u c t u r a l  i n t e r f a c e  i s  more complex than  t h e  
CF MF/ p a 1 1 e t  i n t e  rf ac e. 

- MPESS i n t e r f a c e  r e q u i r e s  shimming and match d r i l l i n g  f o r  a 

- MPESS i n t e r f a c e  i nc ludes  72 p o i n t s  compared t o  8 f o r  e i t h e r  

- 

p a r t i c u l a r  MPESS 

p a l  l e t  
MPESS i n t e r f a c e  l o a d  c a r r y i n g  c a p a b i l i t y  n o t  s p e c i f i c a l l y  
de f i ned ;  p a l l e t  c a p a b i l i t y  i s  d e f i n e d  i n  SLP/2104. 
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- MPESS subsystem support s t r u c t u r e  must be designed and - 
f a b r i c a t e d  by user. P a l l e t  s u p p l i e s  i n t e g r a t e d  subsystems w i t h  
suppor t  s t r u c t u r e s .  
Tes t  f i x t u r i n g  f o r  MPESS w i l l  be more complex due t o  s t r u c t u r a l  
i n t e r f a c e  complex i ty .  

- 
. _  

B. THERMAL DESIGN TRADES 

Thermal t r a d e  s t u d i e s  between the MPESS c a r r i e r  and t h e  Spacelab o r  MDM 
p a l l e t  r e s u l t e d  i n  t h e  p a l l e t  being recommended as t h e  p r e f e r r e d  c a r r i e r  f o r  
t h e  CFMF payload. 
s tandpo in t :  

The p a l l e t  o f f e r s  t h e  f o l l o w i n g  b e n e f i t s  f rom a thermal 

o The exper iment can be s k i d  mounted, r e s u l t i n g  i n  a minimum thermal  

o 
i n t e r f a c e  w i t h  t h e  c a r r i e r .  
The p a l l e t  des ign  a l l ows  f o r  more e f f e c t i v e  thermal i s o l a t i o n  o f  t h e  
f a c i l i t y  f r o m  t h e  cargo bay. The conduc t i ve  thermal p a t h  i s  t h rough  
o n l y  8 hard p o i n t s  f o r  t h e  p a l l e t  whereas t h e  f a c i l i t y  would have a 
s i g n i f i c a n t  su r face  area i n  d i r e c t  c o n t a c t  w i t h  t h e  MPESS, r e s u l t i n g  
i n  f a c i l i t y  temperatures c l o s e l y  f o l l o w i n g  those o f  t h e  cargo bay. 

o A more r e p r o d u c i b l e  thermal environment i s  a t t a i n a b l e  f r o m  f l i g h t  t o  
f 1 i g h t .  

o Three s imple f l a t  sur faces a re  presented f o r  t h e  i n s t a l l a t i o n  o f  
i n s u l a t i o n  b lankets .  

o The p a l l e t  thermal requirements a re  b e t t e r  def ined,  r e s u l t i n g  i n  a 
1 u w e r - r i s k d e 5 5 g r i  a p p r u ac 1-1. 

o A s i m p l e r  i n s u l a t i o n  support concept can be used. 

The conceptual  design o f  t h e  CFMF thermal  p r o t e c t i o n  system i s  shown 
s c h e m a t i c a l l y  i n  F i g u r e  IV-3. I t  r e q u i r e s  a thermal b l a n k e t  shrouding t h e  
p a l l e t ,  w i t h  p r o v i s i o n s  f o r  a c t i v e l y  c o o l i n g  and h e a t i n g  va r ious  
components/elements w i t h i n  t h e  r e s u l t i n g  enclosure.  
r e q u i r e  a c t i v e  c o o l i n g .  

The CFMF e l e c t r o n i c s  w i l l  

CF?!F 
Elec 

FiXDM & PCB 

! 'i C o l d  Plate ( T y p i c a l )  1 
__  ! - - - - -_ 

7 i p x  3 - 3  Conce,-tucrZ Y'esium for CFN?/PaZZet ThermaZ Protect ion Qstern 
u i t h  Act ice  The-mal ControZ 
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F i g u r e s  IV-4 and IV-5 show t h e  p r e l i m i n a r y . p e r f o r m a n c e  o f  t h e  the rma l  
des ign  under assumed worst-case h o t  and c o l d  c o n d i t i o n s ,  respec t i ve l y . .  
E l e c t r o n i c s  temperature l i m i t s  were assumed t o  be 4.5OC (40oF) and 38OC 
(1OOOF). Under t h e  assumed h o t  case c o n d i t i o n s  extended beyond 2 days, 
enc losu re  c o n d i t i o n i n g  c o l d  p l a t e s  a re  r e q u i r e d .  L i kew ise ,  i f  t h e  assumed 
worst-case c o l d  exposure l a s t s  f o r  more than  3 days, heat  ( r e s i s t a n t  h e a t e r )  
i s  r e q u i r e d  t o  m a i n t a i n  an assumed CFMF temperature requ i remen t  o f  40C 
(40OF). 

C.  CONFIGURATION/CARRI  ER TRADES 

I n  a d d i t i o n  t o  s t r u c t u r a l  des ign  and thermal  t r a d e  s tud ies ,  o t h e r  c a r r i e r  
c o n s i d e r a t i o n s  were evaluated, i n c l u d i n g  i n t e g r a t i o n  comp lex i t y ,  a v i o n i c s  
i n t e r f a c e s ,  launch processing, and t h e  a v a i l a b i l i t y  o f  f l i g h t  o p p o r t u n i t i e s .  

CFMF/Carrier Systems I n t e g r a t i o n  - The O r b i t e r  s tandard accommodations a re  
i d e n t i c a l  f o r  t h e  two c a r r i e r s  and a re  p r o v i d e d  f rom t h e  i n v e n t o r y  (e.g. FMDN, 
PCB, f r e o n  pump, etc . ) .  I n t e g r a t i o n  o f  t h e  CFMF o n t o  t h e  MPESS i s  comp l i ca ted  
by t h e  need t o  m a t c h - d r i l l  t h e  i n t e r f a c e  t o  a p a r t i c u l a r  c a r r i e r  a t  KSC 
( p r e - l e v e l  I V  i n t e g r a t i o n ) .  No suppor t  s tand c u r r e n t l y  e x i s t s  i n  t h e  
i n v e n t o r y  f o r  MPESS p r e - l e v e l  I V  i n t e g r a t i o n  b u i l d u p .  

i n t e r f a c e s  w i t h  t h e  S h u t t l e  O r b i t e r  and r e q u i r e d  c a r r i e r  suppor t  subsystems, 
such as t h e  MDM, PCB and P D I ,  were eva lua ted  o n l y  t o  t h e  e x t e n t  r e q u i r e d  t o  
i d e n t i f y  any major d r i v e r s  f o r  s e l e c t i n g  one c a r r i e r  over  another.  
and MDM p a l l e t  a v i o n i c s  subsystems a re  i d e n t i c a l ,  r e s u l t i n g  i n  no s p e c i f i c  
c a r r i e r  preference. The Spacelab p a l l e t  a v i o n i c s  i n t e r f a c e  i s  t h e  I g l o o ,  
which i n t roduces  increased complex i ty ,  documentat ion s u b m i t t a l s  and 
i n t e r f a c e s .  
package/Orb i ter  i n t e r f a c e s  i s  shown i n  F i g u r e  IV-6. Redundancies a re  i n c l u d e d  
i n  p o r t i o n s  o f  t h e  CFMF av ion i cs ,  i n c l u d i n g  t h e  CADS, t h e  power d i s t r i b u t i o n  
u n i t s  (PDU's) and t h e  tape  reco rde rs  (DTR's). 

c a r r i e r s .  The p rocess ing  f l o w  a t  KSC, i l l u s t r a t e d  i n  F i g u r e  I V - 7 ,  i s  as 
f 01 1 ows : - B u i l d  up h o r i z o n t a l l y  i n  t h e  Operat ions and C o n t r o l  (OandC) B u i l d i n g ,  

- Transport  i n  c a n n i s t e r  t o  t h e  O r b i t e r  Process ing F a c i l i t y  (OPF) f o r  
i n s t a l l a t i o n  i n  t h e  O r b i t e r .  - Transpor t  t o  t h e  Pad f o r  mat ing o f  u m b i l i c a l s  and l o a d i n g  o f  l i q u i d  
hydrogen. 

I n t e g r a t i o n  meet ings w i t h  KSC r e s u l t e d  i n  a change t o  t h e  planned 

CFMF Av ion ics  I n t e r f a c e s  - CFMF c o n t r o l  and d a t a  a c q u i s i t i o n  system (CADS) 

The MPESS 

A p r e l i m i n a r y  b l o c k  diagram o f  t h e  CFMF/MDM A v i o n i c s  

KSC Ground Process in9  - Ground process ing a t  KSC i s  i d e n t i c a l  f o r  b o t h  

procedure f o r  a b o r t  d r a i n i n g  o f  l i q u i d  hydrogen a f t e r  an KTLS abor t .  
p r e f e r s  t o  d r a i n  th rough  t h e  midbody u m b i l i c a l  i n  t h e  O r b i t e r  Processing 
F a c i l i t y  (OPF), r a t h e r  t h a n  th rough  t h e  T-0 u m b i l i c a l  t o  a bu rn  s tack  on t h e  
runway . 

KSC 

A i a i l a b i l i t y  o f  F l i g h t  O p p o r t u n i t i e s  - The c a r r i e r  i n v e n t o r y  c o n s i s t s  o f  
10 Spacelab f l i c l h t  D a l l e t s  and 5 WESS s t r u c t u r e s  (4 a t  MSFC, 1 a t  GSFC). The 
normal Spacelab-pal ie t ,  w i t h  I g l o o  subsystems, r e q u i r e s  two O r b i t e r  cargo bay 
s e c t i o n s  (The O r b i t e r  i s  man i fes ted  by q u a r t e r  cargo bay sec t i ons ,  minimum). 
I n  comparison, t h e  MDM p a l l e t  system and MPESS r e q u i r e  o n l y  one cargo bay 
sec t i on .  
C o s t l y  ( p e r  f l i g h t )  than t h e  s tandard Spacelab p a l l e t  system. 

Consequently b o t h  t h e  MPESS and MDM p a l l e t  a re  50 pe rcen t  l e s s  
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A l l  r e q u i r e d  suppor t  subsystems (FMDM, PCB, e tc . )  are s tandard 
accommodations f o r  e i t h e r  t h e  MDM p a l l e t  o r  MPESS. 
mani fested based on a minimum a l l o c a t i o n  ( o f  O r b i t e r  resources;  l eng th ,  power, 
c o o l i n g ,  e t c . j  of  one q u a r t e r  cargo bay, t h e  m a n i f e s t i n g  o p p o r t u n i t i e s  f o r  t h e  
MDM p a l l e t  and MPESS are i d e n t i c a l .  

Other  Considerat ions - Conceptual des ign s t u d i e s  i n d i c a t e  t h a t  t h e  
t e c h n i c a l  o b j e c t i v e s  o f  t h e  CFMF can be met on e i t h e r  c a r r i e r .  
recommended r e c e i v e r  tank s i z e s  can be accommodated on e i t h e r  c a r r i e r ;  
however, mounting o f  t h e  l a r g e r  r e c e i v e r  tank  on t h e  MPESS would n e c e s s i t a t e  
l o c a t i n g  t h e  p ressu ran t  b o t t l e s  on t h e  s ides  o f  t h e  t r u s s  i n  a more complex 
wrap-around s t r u c t u r a l  c o n f i g u r a t i o n  t h a n  i s  r e q u i r e d  f o r  t h e  p a l l e t .  There 
a r e  no d i f f e r e n c e s  i n  STS s a f e t y  requirements o r  hazardous o p e r a t i o n  
procedures between t h e  two c a r r i e r s ,  Documentation and requi rements 
s p e c i f i c a t i o n s  are more mature f o r  t h e  Spacelab/MDM p a l l e t  systems than f o r  
t h e  MPESS. 

The p o s s i b i l i t y  o f  us ing  r e s i d u a l s  w i t h i n  O r b i t e r  subsystem l i n e s  o r  tanks 
was i n v e s t i g a t e d ,  and i t  was determined t h a t  t h e  c o s t  t o  process drawing 
changes t o  O r b i t e r  hardware would f a r  outweigh t h e  c o s t s  o f  p r o c u r i n g  separate 
p ressu ran t  tanks.  Also, t h e r e  i s  a r e l u c t a n c e  t o  mod i f y  any O r b i t e r  hardware 
f o r  payload usage. 
p r o v i d i n g  gaseous hydrogen and he l i um f o r  p r e s s u r i z i n g  and i n e r t i n g  t h e  supp ly  
and r e c e i v e r  tanks.  

Since t h e  O r b i t e r  i s  

Both 

Separate p ressu ran t  b o t t l e s  were t h e r e f o r e  base1 i n e d  f o r  

D. ROM COST AND SCHEDULE 

A p r e l i m i n a r y  scneauie fo r  t h e  aeveiopment ana f i i g h t s  o f  t h e  CFMF i s  
presented i n  F i g u r e  IV-8. 
tank are inc luded,  as are 3 r e c e i v e r  tanks,  t h e  l a r g e  0.25 s c a l e  tank  
des ignated as r e c e i v e r  tank 1 on t h e  schedule, and t h e  0.18 s c a l e  tanks  
des ignated as r e c e i v e r  tank 2 on the schedule. 
tanks would be f a b r i c a t e d  s imul taneously ;  f i n a l  we ld ing  o f  t h e  tank  f o r  
m iss ion  3 would occur immediately a f t e r  t h e  f l i g h t  o f  m i s s i o n  2 t o  a l l o w  any 
l a s t  minute changes t o  be incorporated.  
mid-1987 f i r s t  f l i g h t  w i t h  r e f l i g h t s  on a 6-month t i m e  i n t e r v a l .  

CFMF/carrier conceptual  designs t o  a s c e r t a i n  any c o s t  d r i v e r s  t h a t  would 
i n f l u e n c e  s e l e c t i o n  o f  t h e  recommended des ign  approach. 
d i f f e rences  we were ab le  t o  i d e n t i f y  between t h e  two c a r r i e r s  d i d  n o t  exceed 
two pe rcen t  o f  t h e  t o t a l  c o s t s  and t h e r e f o r e  were n o t  cons idered s i g n i f i c a n t  
i n  s o l e l y  d e c i d i n g  which c a r r i e r  was p r e f e r r e d .  

A supp ly  tank t e s t  a r t i c l e  (TA) and f l i g h t  supp ly  

The two 0.15 s c a l e  r e c e i v e r  

The f l i g h t  schedule assumed a 

A ROM c o s t  e s t i m a t e  was prepared a g a i n s t  t h i s  schedule and t h e  

D e l t a  c o s t  

E. TRADE STUDY RESULTS 

An e v a l u a t i o n  o f  a l l  c a r r i e r  t rade  s t u d i e s  has r e s u l t e d  i n  t h e  MDM p a l l e t  

I t  was concluded t h a t  e i t h e r  c a r r i e r  would be acceptable;  however, 
as t h e  recommended CFMF c a r r i e r .  Table IV-4 summarizes t h e  t r a d e  s tudy  
f i n d i n g s .  
t h e  increased c o m p l e x i t y  o f  t h e  CFMF/MPESS s t r u c t u r a l  i n t e r f a c e ,  thermal  
i s o l a t i o n  design, and systems i n t e g r a t i o n  makes t h e  MDM p a l l e t  t h e  p r e f e r r e d  
c h o i  ce . 
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Table IV-4  Carrier Trade Stud9 S m a r g  
I 

. _  
Preliminary structural analysis 

Prel iminary thermal analysis 

Systems concept definition 
payload elements, supporting 
subsystems, standard vs. 
non-standard accommodations 

CFMF/GSE/Shuttle integration 
complexity 

I 
Availability of flight opportunities 

Satisfying CFMF technical objectives 
Facility processing and operations, 

safety and mission reqmt's 
5019 cost and schedule for development 

and t h r e e  f l i g h t s  
* Preferred carrier; if both checked, 

IPESS* 

X 

X 

X 

here 

MDM 
Pal let* 

X 

X 

X 

X 

X 

X 
X 

X 

; no cle 

Remarks 
CFMF/MPESS interface more 
complex 
Better thermal isolation and 
simpler thermal blanket 
design for spacelab pallet 
Accommodations same for both 

All flights on MPESS would 
have to be on same S I N  
carrier. Interfaces, specs 
not as well defined for MPESS 
Manifesting and flight costs 
same 
Tech objectives satisfied 
Installation and integrition 
at KSC more costly for MPESS 
MPESS slightly more costly 
w i t h  greater development r i s k  
r preference. 
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V .  RECOMMENDED CONCEPTUAL DESIGN 

The recommended CFMF conceptual  des ign i nc ludes  t h e  f o 7  lowing: 

CFMF on t h e  MDM P a l l e t  C a r r i e r  
An i s o m e t r i c  sketch o f  t h e  recommended CFMF package which 

w i l l  i n t e r f a c e  w i t h  t h e  p a l l e t  i s  shown i n  F igu re  V-1. 
thermal  i n s u l a t i o n  b lanke t  shroud w i l l  l i k e l y  be r e q u i r e d  t o  
cove r  t h e  CFMF, pending m a n i f e s t i n g  and more d e t a i l e d  thermal  
a n a l y s i s .  F a c i l i t y  a c t i v e  thermal  c o n t r o l  i s  requ i red ,  and 
t i e - i n  t o  t h e  f r e o n  c o o l i n g  l o o p  f o r  t h e  p a l l e t  a v i o n i c s  
subsystems i s  t h e  recommended approach. 
Scaled Receiver  Tanks 

The r e c e i v e r  tanks w i l l  be c y l i n d r i c a l  vessels  w i t h  
e l i p t i c a l  ends (L/D = 1.39) sca led t o  t h e  Boeing space-based OT'J 
( A e r o - a s s i s t  concept) .  
f o l l o w i n g  s c a l e  f a c t o r s  a re  recomnended f o r  t h e  t h r e e  m iss ions  
c u r r e n t l y  be ing planned: 

A 

Three d i f f e r e n t  r e c e i v e r  tanks w i t h  t h e  

- F i r s t  mission, 0.28 scale,  w i t h o u t  a c q u i s i t i o n  dev ice 
- Second mission, 0.18 scale,  w i t h o u t  a c q u i s i t i o n  dev i ce  
- T h i r d  mission, 0.18 scale,  w i t h  r e f i l l a b l e  p a r t i a l  

a c q u i s i t i o n  device.  
Receiver  tank  l o n g i t u d i n a l  a x i s  along O r b i t e r  x-ax is .  
Use o f  Gas B o t t l e s  f o r  Pressurant  Storage 

p r e s s u r a n t  b o t t l e s  f o r  p r e s s u r i z i n g  and i n e r t i n g  t h e  supp ly  tank 
and r e c e i v e r  tanks i s  p r e f e r r e d  t o  us ing r e s i d u a l s  w i t h i n  
O r b i t e r  subsystem l i n e s  o r  tanks.  
The CFME Tank Assembly (NASA CR-165496) as t h e  p r e f e r r e d  supp ly  
tank.  

Storaqe o f  gaseous hydroa_en and he1 iurn i n  separate 

The f o l l o w i n g  MDM pa l  l e t  elements a re  considered standard accommodations, 
t o  be p r o v i d e d  f r o m  t h e  i n v e n t o r y ,  which a re  p a r t  o f  t h e  recommend conceptual  
design: 

0 Power C o n t r o l  Box (PCB) - D i s t r i b u t e s  and c o n t r o l s  e l e c t r i c a l  
power f o r  pa l le t -mounted exper iments and o t h e r  p a l l e t  subsystems. 

0 Thermal Con t ro l  Subsystem (TCS) - Prov ides thermal c o n t r o l  o f  
t h e  elements o f  t h e  MDM p a l l e t ,  p a l l e t  subsystem equipment and 
pay load equipment. 

o F l e x i b l e  Multiplexer/Dernultiplexer (FMDM) - Prov ides command and 
d a t a  h a n d l i n g  f o r  subsystems and experiments, and a c t s  as a da ta  
a c q u i s i t i o n ,  d i s t r i b u t i o n  and s i g n a l  c o n d i t i o n i n g  u n i t .  
Payload Timing B u f f e r  (PTB) - A b u f f e r  a m p l i f i e r  p r o v i d i n g  
t i m i n g  s i g n a l s  f rom S h u t t l e  master t i m i n g  u n i t  - Greenwich Mean 
Time (GMT) and m iss ion  elapsed t i m e  (MET). 

measurement sensors, PCB and FMDM. 

- standard mixed cargo harness (SMCH) p o r t  t r a y  - s i g n a l  

- payload p a l l e t  i n t e g r a t i o n  hardware (PPIH) - s ta rboard  t r a y  

o 

UJ J u n c t i o n  Box - Provides i n t e r f a c e  between p a l l e t  subsystems 

0 P a l l e t  Power and Signal  Cables 

cables 

- power cables.  
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Required GSE and t e s t  equipment t o  i n t e r f a c e  w i t h  and v e r i f y  t h e  c-ombined 

o Ground c o o l i n g  c a r t  ( a c t i v e  thermal  c o n t r o l  system checkout)  
@ Payload s p e c i a l  t e s t  equipment (PSTE) 

PCB and PTB s imu la to rs  
e Payload i n t e g r a t i o n  t e s t  se t  (PITS) 

General purpose computer (GPC) and MDM d r i v e  used t o  c o n t r o l  and 
m o n i t o r  thermal c o n t r o l  system i n  ground t e s t  ( o n l y  2 i n  
i n v e n t o r y  - used i n  CITE stand)  

CFMF/MDM p a l l e t  inc ludes,  b u t  is  not l i m i t e d  to ,  t h e  f o l l o w i n g :  

8 Specia l  c a r r i e r  mock-up f o r  s t r u c t u r a l  t e s t  ( s t a t i c ,  modal survey)  
and/or b u i l d u p  t o  v e r i f y  hardware fab lassembly to le rances ,  
attachments, e t c .  

Several  a d d i t i o n a l  recommendations r e s u l t e d  f rom t h e  Task I-Concept 
D e f i n i t i o n  Task. 

0 A coupled- loads a n a l y s i s  should be performed t o  enhance des ign 
v e r i f i c a t i o n  and min imize t h e  r i s k  o f  i n t e g r a t e d  Orbiter/CFMF coupled 
a n a l y s i s  (6-months p r e - f l  i g h t )  i d e n t i f y i n g  s t r u c t u r a l  problems l a t e  
i n  t h e  p rocess ing  cyc le .  
Extended exper imen ta t i on  beyond t h e  c u r r e n t  t h ree -m iss ion  p l a n n i n g  
should be pursued. This  considers a p o s s i b l e  f o u r t h  m i s s i o n  w i t h  a 
b a f f l e d  r e c e i v e r  tank  f o r  i n v e s t i g a t i n g  t h e  thermal and f l u i d  e f f e c t s  
o f  s losh  c o n t r o l  f l u i d  management, and an extended (e.9. 6-month) 
m i s s i o n  a t tached  t o  t h e  space s t a t i o n  o r  an unmanned p l a t f o r m  f o r  
i n v e s t i g a t i n g  longer- term low-g space f l u i d  management technology 
i ssues. 
Receiver  tank  c h i l l  and f i l l  t e s t s  should be conducted p r i o r  t o  
i n t e g r a t i o n  i n t o  t h e  CFW. 
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